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Abstract
The population in Finland relies heavily on the aquifers as a source of potable water.
The aim of the project was to understand if the industrial activities have caused a
deterioration of the groundwater quality of the Pursiala aquifer and to study if the
use of groundwater at Pursiala may cause significant health risks to the local peo-
ple. The literature review focused on some methods used to manage a contaminated
site/groundwater and on the characteristics of the chemicals of interest. The Master’s
Thesis dealt with two areas around a sawmill and a wood impregnation plant, which,
respectively, have caused a discharge of chlorophenols (CPs) and polycyclic aromatic
hydrocarbons (PAHs) in the groundwater. The study of the aquifer vulnerability was
conducted with the DRASTIC method, which gives as result the DRASTIC vulnera-
bility index (DVI). As a result, the higher is the index, the higher is the vulnerability.
The maximum DVI values of 175.9 (CPs) and 180.2 (PAHs) indicate that the aquifer is
very vulnerable. The dispersion of the contaminants in the aquifer was analyzed using a
Danish preliminary risk assessment tool named GrundRisk. Monitoring data collected
from years 2004-2013, for each chemical detected in the source area in the aquifer,
were considered for the simulations in GrundRisk. In the case of PAHs, the simula-
tions showed an excess of the groundwater guidelines (for drinking-water) at the point
of compliance for only benzo(a)pyrene. The assessment of risks caused by CPs was
based on the concentrations detected in the groundwater monitoring wells located in
the sawmill area. All the concentrations were above the groundwater guidelines. Based
on these results, a human health risk assessment was executed on the two groups of
chemicals. The sum of the Hazard Quotients HQs gave a maximum Hazard Index HI of
460.1 and 54.3 for, respectively, CPs and PAHs. To summarize, the DRASTIC method
and the GrundRisk tool showed the high vulnerability of the Pursiala aquifer and the
negative impact of the industrial activities on the groundwater quality. Because the
acceptable level for non-carcinogenic risks is HI=1, the industrial activities cause a
threat to human health. It is therefore recommended to execute further investigations
and remedial actions. Lastly, the simulations gave almost similar concentrations than
those documented in the POVET database, which shows that GrundRisk is applicable
to the preliminary risk assessment of groundwater contamination.
Keywords: Aquifer vulnerability, contamination, groundwater modelling, ground-
water quality, human health, risk assessment
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1. Introduction
1.1 Groundwater as a resource
Since the beginning of the 20th century, the impact of the industrial activities on nature
has largely increased the necessity of finding efficient solutions for the preservation of
the natural resources [1]. The contamination of natural resources can have side effects
for the living beings. When a case of contamination is discovered, it is necessary to
determine all the risks to human beings and biota [2]. The typical procedure adopted
is called risk assessment, which determines the human and the environmental conse-
quences due to a contamination. The outcomes of the risk assessment are different
according to the environmental medium taken into account (e.g. air, soil or water).
This project was focused on a natural resource, which is not only important in Fin-
land, but nowadays is considered as one of the most important resources of the world:
groundwater [3].
Generally, groundwater is the water found underground, it is stored inside and moves
slowly through a geologic formation called aquifer, i.e. an underground body of soil
through which the water flows [4]. An aquifer can be confined, i.e. between two per-
meable layers with the groundwater under pressure that will rise in a borehole above
the bottom of the confining layer, or unconfined, i.e. where the open pore space of the
overlying soil brings the groundwater in direct contact with the atmosphere [5]. Figure
1.1 visualizes the differences between the two types of aquifers.
Figure 1.1: Confined and unconfined aquifers [6]
There are many reasons to consider the study of the groundwater vulnerability es-
sential. In particular, in 2006, the directive of the European parliament stated that
groundwater is a valuable source that must be protected from any kind of contami-
nation and deterioration [7]. In addition, it is estimated that almost one-third of the
global population relies on groundwater as an important source for water supply. The
data collected from the European Economic Association (EEA) and the United Na-
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tions Economic Commission for Europe (UNECE), about the usage of groundwater in
Europe for drinking water supply, confirmed this growing trend (see Figure 1.2).
Figure 1.2: Usage of groundwater for drinking-water supplies in Europe [8, 9]
Because groundwater contamination represents a serious threat to water supply, it is
necessary to monitor the quality of groundwater areas. Normally, the human activities
are monitored because their probability of contamination is quite high (e.g. industrial
activities) [10]. This means that, even if the groundwater is in a good status, the
competent authority must continuously supervise its characteristics [11].
1.2 Groundwater monitoring
The monitoring procedures vary according to the country. Considering Finland, the
monitoring stations of the Finnish Environmental Institute (SYKE) are consulted by
the local authority. All the stations are located in areas where there is little human
activities and the quality of groundwater represents ”the natural state” of groundwa-
ter [11]. The monitoring locations vary according to the case and site information like
the hydrogeological conditions or the possible use of the groundwater area (e.g. water
supplies) [7]. The Finnish groundwater monitoring covers 80 groundwater observation
stations distributed along the country [12]. They are located in different areas (their
size is between 0.2 and 3 km2), which vary according to the soil and climatic charac-
teristics [13]. SYKE is responsible for coordinating the groundwater sample (generally
from 2 to 4 times a year), which are collected at ELY Centres’ laboratories, i.e. the
Centres for Economic Development, Transport and the Environment [12].
Groundwater areas can be subjected to monitoring related to environmental permits.
These operations are normally executed in areas where human activities are located
(e.g. landfills, industrial plants or service stations) [11]. The scope and content of these
monitoring operations are case-specific and are established by the ELY Centres [11].
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The monitoring operations must include an estimate of the environmental impact of
the human activities. Therefore, by taking into account the environmental conditions
of the area and the activity itself, the authority assesses the adequacy of the number
& the frequency of water samplings and the range of substances that have to be mon-
itored [11]. If necessary, a wider sampling operation is executed to further clarify the
general state of groundwater [11].
If some groundwater body or classified groundwater area is suspected to be contami-
nated by human activities, operators like companies or industrial plants usually hire a
consulting company for executing studies in the area [11].
1.3 Finnish aquifers
About 60% of the drinkable water distributed by the Finnish communal and private
water works derives directly from natural or artificial groundwater [14]. The Finnish
groundwater formations have some common characteristics [10]:
• they are mainly situated in eskers and endmoraines;
• they have a thickness of around 10 meters;
• the groundwater depth below the surface is normally between 2 and 5 meters.
According to the legislation of February 2015, on protecting groundwater, more than
6000 groundwater areas were classified in Finland [15]. The most important are re-
stricted to the QuateAssessment of chemical risks to groundwater qualityrnary deposits
[10], which mainly consist of permeable sand, gravel, glacial and deglacial deposits, with
the the last two covering almost 7% of Finland [14]. These aquifers are ranked at the
top among the best reserves of groundwater [15]. The aquifers in Southern Finland are
in sandy and gravelly eskers, as well as in the Salpausselka¨ ice-marginal end moraine
deposits, i.e. an extensive ridge system formed during the ice age in Southern Finland
[10]. Figure 1.3 shows details of the quaternary gravel and sand deposits and the three
Salpausselka¨ formations.
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Figure 1.3: Quaternary gravel and sand deposits (highlighted in blue), together with the
three Salpausselka¨ formations [16]
1.4 Finnish risk assessment practices of
contaminated land
The procedures that are normally adopted in a groundwater risk assessment aim at
providing information regarding the aquifer vulnerability and the impact of the chem-
icals on the groundwater quality. In Finland, there is no clear recommendation about
a groundwater risk assessment for contaminated sites. Generally, when a risk assess-
ment is conducted in Finland, the first step consists in identifying all the chemicals
of potential concern (COPCs), i.e. all those chemicals that may represent a risk for
human beings or biota. The concentrations detected in an area are compared with all
those concentrations that are believed to not produce any health risk (benchmarks)
[17]. Once the source has been analyzed and the COPCs are known, generally a con-
ceptual model is drawn in order to visualize the problems and show the contamination
pathways together with the receptors (see Figure 1.4) [2]. This represents the basis of
the risk assessment procedure.
Figure 1.4: Simplified illustration of the formation of the risks [2]
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The risk assessment can have different dimensions (in time and in space), it can differ if
related to human health or the environment and it can have diverse levels: qualitative,
i.e. a simple descriptive estimate of risks, and quantitative, which produces numeric
risk estimates [2]. It can be:
• Deterministic, i.e. the risk is estimated by considering only one type of scenario
for a contamination problem [18];
• Probabilistic, i.e. the risk is estimated by considering all the possible variabil-
ities and uncertainties, e.g. the lack of knowledge or problems connected to the
computational method used (wrong data or invalid model) [19]. In comparison
to the deterministic approach, the probabilistic produces a distribution of risk
estimates by considering all the possible scenarios for a contamination problem
[18].
If processes like degradation or transformation of the contaminants (i.e. all the phe-
nomena happening in the soil) are taken into account, the approach is realistic [19]. It
is not possible to state if the deterministic procedure is more efficient than the prob-
abilistic [18]. The choice is related to the contamination problem. The nature of the
risks, the purpose of the analysis and the available data and resources will tell what
is the more convenient procedure to use [19]. For most of risk assessments, the deter-
ministic approach is preferred because it is free of all the typical uncertainties of the
probabilistic approach (e.g. the quality of the input data) [18].
The knowledge on the contaminants and their exposure pathways allows determining
the risk for a specific target group. If the assessment is developed on human beings,
this process is called human health risk assessment, i.e. the determination of the po-
tential risks that human beings might face when exposed to a contaminant [20]. One
of the most common procedures is the calculation of the hazard quotient (HQ) [21].
By definition, the hazard represents a harmful agent that can cause damage to the the
environment or to humans [22]. The acceptable level for the Hazard Quotient, i.e. no
adverse affect is likely to occur, is for HQ equal to 1 [22]. If the contamination is due
to the contribution of more than one substance, the risk is insignificant if the sum of
the contaminant-specific HQs (i.e. the Hazard Index HI) is below 1 [21].
1.5 Approach and goal of the project
The case study presented in this Master’s Thesis was focused on one of the most im-
portant groundwater areas in Southern Finland: the Pursiala aquifer (see Figure 1.5),
which is located nearby the city of the subregion Etela¨-Savo named Mikkeli, at approx-
imately 61º41′N 27º16′E.
The studies conducted on the groundwater quality of the Finnish aquifers are limited.
In particular, no scientific study has been conducted in Pursiala to assess the ground-
water quality and its possible deterioration due to the industrial activities. Therefore,
the goal of the Master’s Thesis was to provide information for the risk management
of the Pursiala groundwater area and to broaden the focus of groundwater risk assess-
ments in Finland. The thesis was divided in three parts.
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Figure 1.5: Pursiala groundwater area [23]
The first part of this thesis consists of a literature review of tools used for the study
of the aquifers’ vulnerability and the dispersion of the contaminants in an aquifer (see
Chapter 2). The main models used in previous studies were considered and the out-
comes of some scientific articles were analyzed. Due to the large number of groundwater
modelling tools, it was decided to focus only on those tools that were more relevant
to this project and more common in the scientific articles. It follows a description of
the principal physical characteristics of the chemicals detected in the areas of interest
(see Chapter 3). The chemicals of potential concern (COPCs) were identified by using
the monitoring stations of the Finnish groundwater database named POVET and by
comparing the concentrations with the groundwater benchmarks (see Chapter 4).
The second part of the thesis focuses on the methods on which the Master’s Thesis was
developed. The first analysis was conducted on the Pursiala aquifer’s vulnerability, in
order to describe how much it is easy, or hard, for a contaminant to reach an aquifer
(see Chapter 5.1). The impact of the COPCs on the groundwater quality was then
modelled with a groundwater modelling tool tool (see Chapter 5.2).
Lastly, in order to get an idea on the health risk for the local people of Mikkeli, a
human health risk assessment was executed (see Chapter 5.3). The calculations exe-
cuted in this part were very basic because, as said previously, the focus of the Master’s
Thesis was mainly on the groundwater risk assessment. The results were evaluated and
conclusions were drawn about the reliability of the procedures and whether they can
be applied in other groundwater situations (see Chapter 6).
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2. Assessment of chemical risks to
groundwater quality
The chapter aims at describing some typical methods that are used to study the vul-
nerability of the aquifer and to predict the behavior of the contaminants in an aquifer,
and at introducing the methods that were used in the Master’s Thesis.
2.1 Vulnerability appraisal
Many approaches have been developed to study the vulnerability of the aquifer, and
generally it is possible to identify three different types of procedures.
The first approach is the process-based method, which allows studying the migration of
the contaminants by using simulation models. The problems derive from the complex-
ity of the computation and the lack of information available (some of the data necessary
for the computation might be restricted) [24]. The second method is a statistical ap-
proach: basically the relationship between the spatial variables and the groundwater
contaminants are determined, but problems might arise if there are not enough obser-
vations and if there are doubts about, for example, the most suitable variables for the
approach or the data accuracy [25]. The last approach is the overlay-index method,
which is built according to the weights, ranges and ratings of the typical characteristics
of the aquifer. The result of the method is an index which contains information about
the vulnerability of the aquifer [26]. Among the three methods, the third procedure
is normally the preferred one because it is very simple and allows managing a large
amount of data [27].
A study on the vulnerability of the aquifer was executed by Kumar et al. [28] through
the SINTACS method [29]. By estimating the so-called SIVI index, it is possible to
identify the areas of an aquifer that are most vulnerable to the groundwater contamina-
tion. The index is calculated by seven parameters, which contain the hydrogeological
information of the aquifer. Each parameter has a weight and a rating, which depend,
respectively, on the importance of the parameter in the model and on the value of the
parameter itself. The SINTACS method is integrated with GIS tools to produce maps
that show the variation of the index along the area analyzed. The study conducted
by Kumar et al. was about a contamination problem caused by nitrate in an Indian
aquifer. After obtaining the information on how the SIVI index varied in the aquifer,
the nitrate concentrations were compared with the index and the most vulnerable area
of the aquifer were assessed [28]. This means that, in order to be successful with the
SINTACS method, it is necessary to have information on the hydrogeological charac-
teristics of the area.
Another method adopted for studying the vulnerability of the aquifer is the DRASTIC
method [30]. It has the same characteristics of the SINTACS method. The DRASTIC
method is in fact the American version of SINTACS, which is mostly used to assess the
groundwater contamination in the Mediterranean [31]. Just like SINTACS, through the
hydrogeological characteristics of the area, which are grouped in seven parameters, the
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DVI index is produced to determine the vulnerability of the aquifer. The higher is the
index the more vulnerable is the aquifer. The parameters considered for the DRASTIC
and the SINTACS index are exactly the same, but have only small differences in their
rates and weights. If DRASTIC is able to determine the vulnerability of the aquifer
due to contamination via source from the groundwater, SINTACS have more options
related to the contamination of watercourses connected to the aquifer (e.g. lakes and
rivers) [32]. Gupta [33] used the DRASTIC method to study the vulnerability of an
Indian region. All the areas that need to be monitored due to their high vulnerability
were highlighted, but no comparison was elaborated between the vulnerability indexes
and the chemicals in the area because there was no information about them [33]. Jafari
and Nikoo [34] proposed the DRASTIC method to study the vulnerability of an Iranian
aquifer to nitrate contamination. The procedure was very similar to the one used by
Gupta but, in this case, the correlation between the chemicals and the vulnerability
indexes was found. In addition, the DRASTIC method was optimized through a sen-
sitivity analysis proposed by Lodwick et al. [35] and by Napolitano and Fabbri [36] in
order to obtain a better understanding of the DRASTIC parameters and the role they
have in the vulnerability of the aquifer. As a consequence, through this analysis, the
correlation between the DVI indexes and the nitrate concentrations, revealed in the
area, becomes more precise.
2.2 Models to study contaminant dispersion
Many tools have been developed to study the contaminants’ dispersion in an aquifer.
In a study conducted by Artimo et al. [37], elevated concentrations of contaminants
were detected in an aquifer located in Western Finland. The groundwater flow in the
area was modelled using a software named MODFLOW, i.e. a 3-D model developed by
USGS (United States Geological Survey) in 1984, which allows simulating groundwater
problems in many different conditions (e.g. steady state flow or confined and uncon-
fined aquifer) [38]. To get correct simulations with MODFLOW, detailed information
on the study area needs to be collected (e.g. topography, water level, precipitation or
evapotranspiration values). In Artimo case, no simulation was executed on the con-
taminants’ transport. The goal of that project was to simulate the flow system and to
provide useful information for developing water intake operations in unpolluted parts
of the aquifer [37]. Purjenaie et al. [39] used MODFLOW to predict the variation of
drawdown in an Iranian aquifer under different pumping operations [39]. MODFLOW
has many diverse functionalities. It does not only simulate the groundwater level and
flow pattern but, if applied together with other tools, simulates the contaminant trans-
port (e.g. with MT3D) or the particle tracking (e.g. with MODPATH). MODFLOW
was implemented by Artimo [40] to study the contamination by tetrachloroethylene in
a Finnish aquifer named Honkala, which is in southwestern Finland. After building the
groundwater flow model with MODFLOW, MT3D and MODPATH were implemented
for, respectively, modelling the tetrachloroethylene concentrations in the aquifer and
for simulating the movement of the particles along the groundwater flow path [40].
Saghravani and Mustapha [41] used a package of MODFLOW named Visual MOD-
FLOW to predict the dispersion of phosphorus pollution in un unconfined aquifer [41].
These articles proved that MODFLOW is a very precise software due to the large
amount of information inserted in the model and the variety of outcomes that can be
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produced. This aspect is at the same time a limitation because, as said previously, it
needs a highly detailed study of the area. Therefore, the usage of MODFLOW may
encounter problems in situations where these information on the area are missing.
Simplified softwares are considered for modelling groundwater contamination. A very
simple software used to simulate the natural attenuation of contaminants is called Bio-
screen. It is normally applied to describe the release of BTEXs (i.e. benzene, toluene,
ethylbenzene and xylene) in petroleum sites [42].. The goal of the software is to model
the migration of the plume from the source zone in sites where no engineering operation
are executed to reduce the source area. As an output, it is possible to say if only the
natural attenuation is suitable for the site or if it is necessary to apply other reme-
diation technologies [42]. Natural attenuation can be modelled with no degradation,
a first-order degradtion or an instantaneous biodegradation. The biodegradation of
BTEXs is regulated by the presence of electron acceptors at the site. The ones consid-
ered in the software are oxygen, nitrate, ferrous iron, methane and sulfate. Therefore,
the software can work correctly if the distribution of these electron acceptors is known.
Due to its simplicity and efficiency in describing the natural attenuation, Bioscreen
was developed in many different case studies. The software was used to analyze the
natural attenuation of BTEX compounds at a gas station in California and to check if
the remediation of these chemicals through natural attenuation could happen within a
reasonable time frame [43]. The software was used by Akins et al. to study the natural
attenuation of an underground fuel spill site in Oklahoma [44]. Bioscreen is generally
set for describing the natural attenuation of BTEX compounds. It can be used for
other chemicals, but the input data of the software needs to be adjusted according to
the characteristics of the chemical [42].
In 2016, DTU Environment in collaboration with the Danish Minestry of Environ-
ment developed a a preliminary risk assessment tool named GrundRisk. By taking
into account the typical contaminant transport mechanisms and processes of contami-
nated sites, the pollutants’ concentrations can be simulated according to the source and
the characteristics of the saturated and unsaturated zone. As a result, it is possible to
estimate the fate of the chemicals in groundwater and to understand if they represent
a risk for the groundwater quality.
2.3 Processes and factors determining the
distribution of chemicals in the soil
A typical process happening between the soil and a chemical is defined as sorption.
When the contaminants enters a soil, the contact between the contaminants and the soil
brings to a reduction of the pollutant’s velocity in the transport media [45]. The term is
normally used to connect the phenomena of adsorption, i.e. the excess of the chemical’s
concentrations at the top of the soil, to the absorption of the chemical to the soil [46].
The distribution coefficient Kd [L
3/M] is an important parameter for estimating the
adsorption of dissolved contaminants in a soil. It expresses the partitioning of the
contaminant between the aqueous and the solid phase [47]. The value of Kd depends
on the contaminant and the chemical properties of the two phases. When dealing
with the sorption for organic pollutants (e.g. polycyclic aromatic hydrocarbons), the
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sorption in soil organic matter is assumed to be more dominant than the one to the
mineral surfaces [48]. Equation 2.1 represents one of the most common approaches
used for calculating the Kd [45]:
Kd = Koc × foc (2.1)
The foc [-] is the weight fraction of organic carbon in the soil. A high foc means that
the adsorption of the organic compounds to the aquifer is high. The Koc [L
3/M] is
the organic carbon/water partition coefficient. It is expressed as the ratio between the
concentration in the organic carbon phase and the concentration in the water phase.
A high value means a great link between the contaminants and the organic fraction
of the soil. Because of its wide ranges, normally Koc is expressed as log(Koc). This
parameter is used to classify the contaminants’ mobility, whose ranges are showed in
Table 2.1. The higher is the log(Koc), the lower is the mobility [49].
Table 2.1: Classification of mobility of a chemical based on log(Koc) [49]
log(Koc) Classification
< 1 Highly mobile
1 - 2 Mobile
2 - 3 Moderately mobile
3 - 4 Slightly mobile
4 - 5 Hardly mobile
> 5 Immobile
Between the empirical relationships that have been developed to estimate the Koc, the
one with the Kow, i.e. the octanol water partition coefficient, is the most commonly
used [46]. The parameter indicates the ratio between a chemical’s concentration in the
octanol phase and its concentration in the aqueous phase. A high Kow, i.e. above 10
4,
indicates hydrophobic chemicals, while low Kow, i.e. less than 10, indicates hydrophilic
chemicals [50]. Normally, the Abdul’s expression, which is obtained by the pollutants
with log(Kow) values < 5 (i.e. non-hydrophobic) and soils with foc < 0.1%, is one of
the most common used [51]:
log(Koc) = 1.04× log(Kow)− 0.84 (2.2)
If Equation 2.1 is combined with Equation 2.2, it is possible to calculate the distribution
coefficient [45]:
log(Kd) = 1.04× log(Kow) + log(foc)− 0.84 (2.3)
The distribution coefficient of organic acids (e.g. chlorophenols) is calculated differently
because these compounds are completely (or partially) ionized under normal pH values.
Sorption depends on the charge of the ionization (+ or -), with repulsion occurring when
the charges between the chemicals and the soils are the same [52]. The pollutants are
strongly sorbed to the particle of soil when the charges are opposite. The more they
are ionized, the stronger is the sorption [53]. Generally, the ionization of an organic
acid ”A” and the hydrogen ”H” is described by Equation 2.4:
AH ↔ A− +H+, Ka = [A
−][H+]
[AH]
(2.4)
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Ka is the dissociation constant. Ka is often expressed by the acidity constant pKa, which
is equal to - log(Ka). The larger is the value of pKa, the smaller is the dissociation
[52]. The pH and pKa values can be used in determining the neutral fraction φn [45]:
φn =
1
1 + 10(pH−pKa)
(2.5)
It is possible to estimate the Kd for organic acids through Equation 2.6 [45]:
Kd = foc × (1.05×K0.82ow + 0.026×K0.82ow × (1− φn)) (2.6)
Equation 2.6 is only valid with log(Kow) values < 5 (i.e. hydrophilic) and soils with foc
< 0.001%. Otherwise, Equation 2.6 provides only a rough estimation of organic acids’
sorption [45].
The factor used to describe the interactions between a chemical and a soil, which
cause a delay of the chemical migration in the water, is called retardation factor R [-]
[54]. It is normally calculated by Equation 2.7 [45]:
R = 1 + (
Kd × ρb
n
) (2.7)
The ρb [M/L
3] is the bulk density (i.e. the weight of soil in a given volume) and n [-]
is the total porosity in the soil. If there is no sorption, the retardation factor is equal
to one. As it can be seen, R is strictly dependent on the distribution coefficient Kd.
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3. Study area
This chapter describes the principal physical and chemical characteristics of the con-
taminants revealed in the Pursiala aquifer. The area of Mikkeli has been always sub-
jected to numerous industrial activities. As most of the Finnish aquifer, the one in
Mikkeli is used by the local people for their domestic water needs. Consequently, an
analysis on the aquifer’s chemical conditions is necessary.
3.1 Characteristics of the area
Mikkeli has a population of 55000, and covers an area of almost 2125 km2 [55]. Mikkeli
has (generally) a cold and temperate temperature, with significant precipitation (about
634 mm/year), even during the driest months, and it is characterized by an average
annual temperature of 3.7°C [55]. The Pursiala aquifer (see Figure 3.1) is located on
an area of which 60% is constructed (e.g. roads, houses and pavements) and 10% is
covered by water [23]. The area has a number of risks. The region has previously
served for the rail traffic. In addition to that, potential chemicals, solvents and other
substances, which are used by industries, can cause a high risk to the aquifer [23].
Figure 3.1: Areas studied [23]
The Pursiala groundwater area is classified as the most important resource for potable
water in the city of Mikkeli [23]. The aquifer has an area of 4.3 km2 and it is located
in the southern part of the city [23]. The water intake is located on the ridge of the
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Kattila and the Pursiala Bay, which are in the south part of the aquifer (see Figure
3.1). The ridge has a width of 700 m in the part located next to Mikkeli, of 500 m in
the area of the two bays and of an average value between 200 and 300 m on the south
part of the bays. The water yield is estimated to be of about 1700 m3/day. [23]. In the
north of the two bays, the ridge sinks below the the water level. Consequently, only
some parts of the ridge are above the water table. The waters in the Kattila and the
Pursiala Bay (see Figure 3.1) are in contact with each other because the ridge between
the bays is not uniform but presents a narrow surface that assures a water connection
[23].
As Figure 3.2 shows, the soil is composed of sand (and fine sand), gravel, silt and
clay.
Figure 3.2: Soil map of Pursiala [23]
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Figure 3.3 shows the the Pursiala area is characterized by wide areas of thin moraine
and bedrock, in which (mostly) gneiss, quartz feldspar gneiss and granodiorite is
present.
Figure 3.3: Bedrock map of Pursiala [23]
Due to the difficulties of obtaining sufficient information for conducting a detailed
analysis on the groundwater area, it was decided to focus the work only on two loca-
tions (see Figure 3.1):
• a sawmill, which caused a contamination by chlorophenols. The area around it
is of about 0.2 km2;
• a wood impregnation plant. The activity caused a release of polycyclic aromatic
hydrocarbons in the groundwater. The area around the plant is of about 0.1 km2.
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Table 3.1 lists the principal hydrogeological information of the areas around the sawmill
and the wood impregnation plant. It is clear too see that the two areas present similar
characteristics.
Table 3.1: Hydrogelogical characteristics of the areas of interest [56]
Parameter
Sawmill area
(CP contamination)
Wood impregnation plant area
(PAH contamination)
Aquifer media Alluvium Alluvium
Depth to
water table [m]
5 - 10 10 - 15
Hydraulic
conductivity [m/day]
30 - 50 60 - 80
Net recharge [mm] 250 - 300 280 - 330
Slope [%] 0 - 2 0 - 2
Soil media Gravel-sand Gravel
Vadose zone Sand and gravel Sand and gravel
The contaminated soil has been removed from the areas, i.e. it have been already
remediated in several phases. The groundwater is still highly polluted by the above-
mentioned contaminants, which are moving towards the water intake plant run by
the city (see Figure 3.1). Therefore, remediation actions are still ongoing in Pursiala
groundwater area.
3.2 Chemicals of interest
This section describes the principal physical characteristics of the chemicals revealed in
the two areas of interest, together with the groundwater guidelines, i.e. the maximum
allowable concentration in groundwater that does not represent a threat for human
health [57]. The groundwater guidelines were taken from the New Jersey Department
of Environmental Protection, which estimated the maximum allowable concentrations
in groundwater that guarantee safety of human beings [58].
3.2.1 Chlorophenols (CPs)
Chlorophenols (CPs) are the result of the addition of chlorines’ atoms to phenol, which
is derived from benzene through the replacement of a hydrogen by adding a hydroxy
group to the carbon [59]. The CPs are produced in in chemical and pharmaceuti-
cal industrial activities or used as pesticides. They can enter the environment and
most of them go into the water, with a small quantity in the air [59]. They can be
present in drinking-water in different ways, such as the final result of the disinfection
of phenols through chlorination, degradation products of phenoxy herbicides or as by-
products of the reaction of hypochlorite with phenolic acids [60]. Five basic types
of chlorophenols exist: monochlorophenols, dichlorophenols, trichlorophenols, tetra-
chlorophenols, and pentachlorophenols. Between all the 19 types of chlorinated phe-
nols, 2-chlorophenols (2-CP, ClC6H4OH), 2,4-dichlorophenol (2,4-DCP, Cl2C6H3OH)
and 2,4,6-thrichlorophenol (2,4,6-TCP, Cl3C6H2OH) are the compounds that are most
likely to be found in drinking water [59]. Observation wells in the sawmill area at
Pursiala reported the presence of 2,3,4,6-tetrachlorophenol (2,3,4,6-TeCP, C6H2Cl4O)
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and pentachlorophenol (PCP, C6HCl5O) in the aquifer. Their chemical structure is
shown in Figure 3.4.
(a) 2-CP (b) 2,4-DCP (c) 2,4,6-TCP
(d) 2,3,4,6-TeCP (e) PCP
Figure 3.4: Chemical structure of Chlorophenols (CPs) [61]
The principal chemical and physical properties of chlorophenols are listed in Table
3.2. The densities are very similar in the 2,3,4,6-TeCP and the PCP, while it is lower
in the first three chlorophenols. The Henry’s law constants are similar in all the com-
pounds, in exception of the one of 2-CP (it is higher). The vapor pressures are very
different. Because all the compounds are solids in exception of 2-CP, which is liquid,
no viscosity value was found for the other chlorophenols. In comparison to the other
CPs, 2,4,6-TCP presents a very high solubility. On the other hand, the 2,3,4,6-TeCP
is insoluble.
Table 3.2: Physico-chemical properties of Chlorophenols (CPs) [62]
Property 2-CP 2,4-DCP 2,4,6-TCP 2,3,4,6-TeCP PCP
Density
[g/cm3]
1.2E+00 1.4E+00 1.5E+00 1.8E+00 1.9E+00
Vapor pressure
[kPa]
2.0E-01
(at 20°C)
1.3E+02
(at 53°C)
1.3E+02
(at 76°C)
5.6E-04
(at 25°C)
1.3E-05
(at 25°C)
Viscosity
[mPa×s] 5.0E+00 - - - -
Water solubility
[µg/l at 25°C] 2.8E+04 4.5E+03 5.0E+05 - 1.4E+04
Henry’s law constant
[Pa m3/mol]
1.2E+00 3.0E-01 4.0E-01 1.0E-01 3.0E-01
Table 3.3 gives an overview of the guideline values for the above-mentioned chlorophe-
nols. The PCP is the compound with lowest groundwater guideline, i.e. it is the most
harmful for human health, while 2,3,4,6-TCP has the highest guideline.
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Table 3.3: Groundwater guidelines of Chlorophenols (CPs) [58]
Chemical 2-CP 2,4-DCP 2,4,6-TCP 2,3,4,6-TeCP PCP
Groundwater
guideline [µg/l]
40 20 1 200 0.3
The connection between cancer risks and chlorophenols (CPs), especially on kidney and
lungs was proved in several experiments [63]. Normally, by drinking water disinfected
with chlorine, people can be exposed to little quantities of CPs because chlorination
increases their concentrations in the water [59]. According to some studies, workers
who produce pesticides from chlorophenols (and are therefore exposed to them through
breathing and through the skin) develop acne and mild injury to their livers [59]. The
dermal contact with chlorophenols causes a rapid penetration in the skin, which can
be highly absorbed after oral administration [60]. Data in the Finnish city of Jarvela
reported that the exposure to CP caused depression and asthma [64]. Experiments con-
ducted by Wagner gave as result concentration of PCP found in kidneys [65]. There is
no sufficient information about any birth defect of the chlorophenols: experiment on
animals, in particular on rats, did not bring to any birth defect, but their exposure to
high levels of chlorophenols showed a decrease in the weights of the newborns [59].
3.2.2 Polycyclic Aromatic Hydrocarbons (PAHs)
Polycyclic aromatic hydrocarbons represent a group of hydrocarbons that are mainly
formed due to the incomplete degradation of organic materials (e.g. wood and oil), or
represent emissions from anthropogenic activities (e.g. can be can be found in asphalt
used in road construction) [66]. PAHs consist of three or more benzene rings containing
only carbon and hydrogen. Every different configuration leads to diverse properties
[67]. PAHs are not found in water at very high concentrations because of their high
affinity for particulate matter and their low solubility [68]. Generally there are more
than 100 species of PAHs and they occur as mixtures. They are colorless and can have
a pleasant odor [66]. As mentioned before, the wood impregnation plant brought to a
release of a series of polycyclic aromatic hydrocarbons. In particular, the source area
consists of acenapthene (C12H10), anthracene (C14H10), benzo(a)pyrene (C20H10 and
it is the most studied PAH [68]), chrysene (C18H12), fluoranthene (C16H10), fluorene
(C13H10), napththalene (C10H8), phenanthrene (C14H10) and pyrene (C16H10). Their
chemical structure is shown in Figure 3.5.
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(a) Acenaphthene (b) Anthracene (c) Benzo(a)pyrene
(d) Chrysene (e) Fluoranthene (f) Fluorene
(g) Naphthalene (h) Phenanthrene (i) Pyrene
Figure 3.5: Chemical structure of Polycylic Aromatic Hydrocarbons (PAHs) [61]
Table 3.4 and 3.5 list the principal physical and chemical characteristics for the PAHs
described above. As it can be seen, most of the these compounds are basically insoluble
in water and are characterized by a very low vapor pressures and viscosity. In addition,
the density of these chemicals is very similar and they present a very low volatility [69].
Table 3.4: Physico-chemical properties of Polycyclic Aromatic Hydrocarbons (PAHs) - first
part [62, 68]
Property Acenaphthene Anthracene Benzo(a)pyrene Chrysene Fluoranthene
Density
[g/cm3]
1.1E+00 1.3E+00 1.2E+00 1.3E+00 1.2E+00
Vapor pressure
[kPa at 25°C] 2.9E-04 1.0E-06 7.3E-05 8.3E-11 1.2E-06
Viscosity
[mPa×s] -
4.0E-01
(at 300°C) - -
6.0E-01
(at 20°C)
Water solubility
[µg/l at 25°C] 3.9E+03 4.4E+01 3.8E+00 2.0E+02 2.6E+02
Henry’s law constant
[Pa m3/mol]
1.8E+01 4.6E+00 4.6E-02 1.0E-01 9.0E-01
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Table 3.5: Physical properties of Polycyclic Aromatic Hydrocarbons (PAHs) - second part
[62, 68]
Property Fluorene Naphthalene Phenanthrene Pyrene
Density
[g/cm3]
1.2E+00 1.2E+00 1.2E+00 1.3E+00
Vapor pressure
[kPa at 25°C] 8.0E-06 1.1E-02 1.6E-05 6.0E-07
Viscosity
[mPa×s] - 7.0E-01 - -
Water solubility
[µg/l at 25°C] 1.7E+02 3.1E+04 1.6E+03 1.3E+02
Henry’s law constant
[Pa m3/mol]
9.7E+00 4.5E+01 4.2E+00 1.9E+00
The PAH groundwater guidelines are shown in Table 3.6 and 3.7. Benzo(a)pyrene
is the one with the lowest guideline value, while anthracene is the chemical with the
highest guideline. Consequently, they are, respectively, the most and the least harmful
for human beings.
Table 3.6: Groundwater guidelines of Polycyclic Aromatic Hydrocarbons (PAHs) - first part
[58]
Chemical Acenaphthene Anthracene Benzo(a)pyrene Chrysene Fluoranthene
Groundwater
guideline [µg/l]
400 2000 0.005 5 300
Table 3.7: Groundwater guidelines of Polycyclic Aromatic Hydrocarbons (PAHs) - second
part [58]
Chemical Fluorene Naphthalene Phenanthrene Pyrene
Groundwater
guideline[µg/l]
300 300 100 200
It is known that cancer risk is associated to the exposure of polycyclic aromatic hydro-
carbons (PAHs), but unfortunately necessary data regarding human risks due to oral
exposure are missing [66]. People are exposed to PAHs in many different ways, e.g. by
breathing due to the attachment of these chemicals to the dust and to other particles in
the air [70]. Numerous experiments on animals stated that most PAHs leave the body
within a few days through urine and feces [66]. The sources of PAHs can vary from
the cigarette smoke and to the industrial activities (e.g. production of petrochemicals)
[71]. In particular, PAHs can be present in smokes from wood fires or tobacco smoke.
The inhalation of cigarette/wood smoke or air containing these compounds can cause
damage to the breathing and the lungs [72]. In addition, the contact of soil contain-
ing high quantities of PAHs easily allows the access of these chemicals in the body,
with the quantity strictly related to the presence of other compounds when exposed
to PAHs [66]. Several studies revealed that people exposed for a very long period to
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PAHs by breathing or by skin contact may develop cancer [71]. This is also proved
by the experiments on animals, which have developed tumors after being exposed to
PAHs by either breathing or skin contact [66].
3.3 Risk management actions
The goal of this section is to (briefly) describe the remediation technologies (physico-
chemical and biological) that are nowadays applied to reduce the CP and PAH con-
centrations in the two areas of the Pursiala aquifer.
3.3.1 Sawmill area
The sawmill area has been subjected to a series of biological remediation processes (i.e.
bioremediation). Chlorophenols (CPs) have been transformed aerobically (oxidative
dechlorination) by adding oxygen to water. Normally, the oxygen is inserted in pure
form by avoiding the contact between atmospheric air and groundwater. In this way
it is possible to insert high quantity of oxygen (something that does not happen when
it is in dissolved form) [73]. The bioremediation has some limitations because this
procedure must be tailored to the site-specific conditions. In other words, treatability
studies must be executed on a small scale before the actual clean-up of the sites [74].
On the other hand, the technique is very efficient for the treatment of dissolved and
sorbed contaminants [75] because it can increase the rate of dissolution and desorption
of contaminants [76]
Because the addition of oxygen to anoxic groundwater did not always result in increased
aerobic biodegradation, the oxidation was improved by adding, though groundwater
wells, calcium peroxide (CaO2), i.e. an oxidant that, by definition, has the ability to
oxidize other substances by removing electrons from another substance. As a conse-
quence, the oxidant becomes reduced itself. This operation is called In Situ Chemical
Oxidation or ISCO (in situ because it is conducted in place). As Figure 3.6 shows,
once the oxidants are injected, they spread in the soil and groundwater and react with
the contaminants [77]. It is difficult to indicate the costs of the ISCO method. Gen-
erally, they depend on the quantity of the injected oxidant, which is related to the
contaminants’ oxidant demand, the natural oxidant demand NOD (i.e. the oxidant
naturally consumed by the organic and inorganic species) and the oxidant persistence
in the subsurface [78]. The NOD is a key parameter that affects the feasibility of the
ISCO, and it is complex to determine due to its correlation to the mass of oxidant [79].
Nevertheless, it is a very efficient technique because it guarantees large reductions of
concentration and mass flux within a short time frame [78].
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Figure 3.6: In Situ Chemical Oxidation [77]
3.3.2 Wood impregnation plant area
In the area around the wood impregnation plant, the concentrations of polycyclic aro-
matic hydrocarbons (PAHs) have been reduced through the application of a pump and
treat system. No information may be collected about the specific PAH treatment in
this area. Generally, the concept of a pump and treat system is very simple: con-
taminated groundwater is extracted, treated and then discharged to a sewer [80]. The
extracted water is replaced with clean water. To be precise, the water is pumped out
by using a vacuum pump. The contaminants are purified through a series of vessels,
which contains particular materials designed to adsorb the contaminants themselves
[81]. Normally, the efficiency of the system can be improved by using sand filters or
chemical reagents such as flocculants [82].
Figure 3.7 describes in details the design of the system. It is normally characterized
by one (sometimes more) well equipped with pumps. The groundwater is pulled out
into the wells and up to the surface where the water, after being moved from a holding
tank to a treatment system, is cleaned [83]. During its applications, contaminants
keep on dissolving. As a consequence, the time frames for acceptable clean-up might
become too long [80]. The efficiency of the pump and treat system can vary according
to the soil type and the geology [81]. In addition, the sorption can influence the time
of remediation: when dealing with a site with sorbed contaminants, the cleanup times
depend on the desorption time of the contaminants, which is related to the organic
carbon and the solubility of contaminants [84].
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Figure 3.7: Typical pump and treat system [83]
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4. Materials and methods
This chapter presents the methods used in the Master’s Thesis. The the vulnerability
of the aquifer was determined with the DRASTIC method, which is the most common
method used in Finland (see Chapter 4.3). The dispersion of the contaminants in the
Pursiala aquifer was modelled by using GrundRisk (see Chapter 4.4). It was chosen
between all the other tools because it is a new software and it is still in development in
Denmark. In addition to that, considering that the Master’s project is in collaboration
with the Technical University of Denmark, it may be interesting to investigate the
applicability of the tool to Finnish conditions. Lastly, the human health risk assessment
was conducted to describe the exposure routes and the doses through which the people
of Mikkeli might be exposed (see Chapter 4.5).
4.1 Concentration data on the contaminants in
the Pursiala aquifer
The concentrations of the contaminants in the Pursiala aquifer were obtained from the
Finnish national groundwater database POVET, which officially started in 2002. The
database contains all the detailed information about the aquifer (e.g. land use and
hydrogeology), as well as information about groundwater sampling from ponds and
wells [85]. The information collected from those wells covers a period of 40 years, from
1976 to 2016, with 89524 field measurements. For the purpose of the Master’s Thesis,
the analysis was focused only on the groups of CPs and PAHs.
The concentrations are listed in the database according to the well, the time of mea-
surement and the depth. For each chemical, the maximum concentration was taken
into account, together with the mean value, the standard deviation STDEV. It is the
value that expresses how much the data of a group differ from the mean value of the
group itself. A higher standard deviation indicates a high dispersion in the data. The
95% upper confidence limit UCL was calculated by Equation 4.1:
UCL = mean+ 2× STDEV (4.1)
The concentrations of the POVET database were compared to the groundwater guide-
lines. As it can be seen from Table 4.1, chlorophenols have the highest concentrations
measured, with all of the compounds exceeding the groundwater guideline. Between
the PAHs, acenaphthene, benzo(a)pyrene, naphthalene and pyrene execeed the guide-
lines. The chemical condition of the aquifer became clearer with these results and the
chemicals of potential concern, i.e. the ones above the groundwater guideline and that
are most likely to have a health effects on human beings, were identified. In addition,
this analysis proved that the remediation technologies applied in the Pursiala area are
insufficient. Therefore, the state of the groundwater and risks need to be assessed in
more detail.
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Table 4.1: Concentrations of Chlorophenols (CPs) and Polycyclic Aromatic Hydrocarbons
(PAHs) detected in the POVET wells installed in the Pursiala aquifer. The value is high-
lighted in blue if it is above the groundwater guideline [86]
Chemical Unit
Groundwater
guideline
Max Mean STDEV
95%
UCL
2-CP µg/l 40 6.6E+02 7.0E-01 4.5E+00 9.7E+00
2,4-DCP µg/l 20 9.0E+02 3.5E+02 4.8E+02 1.3E+04
2,4,6-TCP µg/l 1 5.0E+04 1.8E+04 1.5E+04 4.8E+04
2,3,4,6-TeCP µg/l 200 4.9E+04 9.3E+02 1.1E+04 3.1E+04
PCP µg/l 0.3 4.7E+04 1.2E+04 1.3E+04 4.0E+04
Chemical Unit
Groundwater
guideline
Max Mean STDEV
95%
UCL
Acenaphthene µg/l 400 4.7E+02 6.8E+01 9.4E+01 2.6E+02
Anthracene µg/l 2000 9.1E+00 1.8E+00 1.8E+00 5.9E+00
Benzo(a)pyrene µg/l 0.005 1.5E+00 6.0E-01 5.0E-01 1.6E+00
Chrysene µg/l 5 2.8E+00 8.0E-01 8.0E-01 3.9E+00
Fluoranthene µg/l 300 3.7E+01 4.1E+00 7.2E+00 1.1E+02
Fluorene µg/l 300 1.5E+02 3.3E+01 3.7E+01 1.6E+02
Naphthalene µg/l 300 9.7E+02 5.5E+01 1.6E+02 3.5E+02
Phenanthrene µg/l 100 1.4E+02 2.6E+01 3.0E+01 8.7E+01
Pyrene µg/l 200 1.9E+01 2.1E+00 3.8E+00 9.8E+00
4.2 Concentrations of contaminants in the areas of
interest
The source area was measured over a time period of 9 years (2004-2013). The max-
imum measured soluble PAH-compound concentration was taken into account in the
analysis. 9 PAH compounds were detected in the source area (see Chapter 3.2.2). The
groundwater risk assessment was based on them. The concentrations were provided by
the company WaterHope. Table 4.2 shows the PAH concentrations measured in the
source area in the aquifer. Phenanthrene is the contaminant with the highest concen-
tration measured, while benzo(a)pyrene with the lowest one.
Table 4.2: Concentrations detected in the source area, in the Pursiala aquifer, of Polycyclic
Aromatic Hydrocarbons (PAHs) around the wood impregnation plant [56]
Chemical Concentration [µg/l]
Acenaphthene 1460
Anthracene 180
Benzo(a)pyrene 54
Chrysene 171
Fluoranthene 823
Fluorene 1050
Naphthalene 813
Phenanthrene 1640
Pyrene 584
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The concentrations in the groundwater area around the sawmill were compiled between
2015 and 2017 in wells installed by the Finnish Consulting Group (FCG). Figure 4.1
shows the location of the wells. The pumping wells, which were installed in the area,
may bring to a drastic change of the groundwater level in the area.
Figure 4.1: Wells installed by the Finnish Consulting Group (FCG) between 2015 and 2017.
The wells considered for the analysis are highlighted [87]
Table 4.3 summarizes the concentrations detected in 156 samples of these well. More
detailed information regarding these concentrations can be found in Table 1 and 2 in
Appendix 1. Some of the wells were excluded from Table 1 because the concentrations
detected in those wells were very low. It was therefore decided to focus the analysis
only on those wells whose concentrations were more relevant. The FCG wells consid-
ered in the study are highlighted in Figure 4.1. The maximum of 2-CP was found in
well S3, of 2,4-DCP in well 91, of 2,4,6-TCP in well 115 and 2,3,4,6-TeCP and PCP
in well M14, i.e. where the source is located (see Figure 4.1 and Table 1 in Appendix 1).
Figure 4.2 shows a comparison between the concentrations in the Pursiala aquifer
compiled in POVET and by the Finnish Consulting Group. Some differences can be
drawn. The 2-CP, 2,3,4,6-TeCP concentrations in the POVET database are lower
than the ones sampled by the FCG, while the ones of 2,4-DCP, 2,4,6-TCP and PCP
are higher.
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Table 4.3: Concentrations of Chlorophenols (CPs) detected in 156 samples of the wells
installed by the Finnish Consulting Group (FCG) in the Pursiala aquifer. The value is
highlighted in blue if it is above the groundwater guideline [87]
Chemical Unit
Groundwater
guideline
Max Min Mean STDV
95%
UCL
2-CP µg/l 40 3.9E+02 0 4.4E+00 3.1E+01 6.6E+01
2,4-DCP µg/l 20 2.9E+02 0 3.3E+01 5.0E+01 1.3E+02
2,4,6-TCP µg/l 1 3.1E+03 0 3.2E+02 5.3E+02 1.4E+04
2,3,4,6-TeCP µg/l 200 1.0E+05 1.0E-01 4.6E+04 9.9E+04 2.5E+05
PCP µg/l 0.3 2.4E+03 0 2.2E+02 3.1E+02 8.5E+02
Figure 4.2: Comparison between maximum Chlorophenol (CP) concentrations detected by
the POVET database and the Finnish Consulting Group (FCG) (the value is colored if it is
above the groundwater guideline)
The human health risk assessment was executed only on the concentrations compiled
by FCG. The decision was drawn by two factors. Firstly, the results from the POVET
database (see Table 4.1) were estimated considering the whole aquifer, while the ones
from FCG (see Table 4.3) are specifically on the sawmill area (i.e. the area of interest).
Secondly, the samples from FCG are more recent than the ones from POVET, and
they were therefore assumed more reliable.
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4.3 Vulnerability analysis
DRASTIC [30] is a method that is used worldwide thanks to the accurate results
that are obtained, despite the complex hydrogeological structure of the aquifers [34].
DRASTIC is an acronym for:
• D, i.e. the depth from the ground surface to the water table, in an unconfined
aquifer, or to the bottom of the confining layer, in a confined aquifer. It tells the
distance that needs to be traveled by the contaminant to reach the water table
[88];
• R, i.e. the net recharge. It is the total quantity of water applied to the ground
surface, which infiltrates to reach the aquifer. It is important because, due to the
infiltration, the contaminant moves with the rainfall and goes into the saturated
layer of the aquifer [33];
• A, i.e. the aquifer soil type. The parameter has information on the geological
formation of the area [33];
• S, i.e. the soil type layer, which extends only to few meters from the surface.
It represents the portion of the vadose zone with a significant biological activity.
The impact is especially high on the recharge water’s movement, which infiltrates
into the aquifer and affects the downward movement of the contaminants into the
vadose zone [89];
• T, i.e. the topography or the slope of the land surface. Hilly terrains have a
higher slope in comparison to flat ones. The runoff is higher and the time of
water contact and infiltration is lower. This means that hilly terrains are less
vulnerable than flat terrains [33];
• I, i.e. the impact of the type of soil of the vadose zone. It is the area above the
water table and it can be unsaturated or discontinuously saturated [33];
• C, i.e. the hydraulic conductivity. It tells the ease of the water to flow in the
saturated zone. Through this parameter, it is possible to check the contaminant’s
transportation [33].
Through a linear combination of these seven hydrogeological parameters, as Figure 4.3
shows, DRASTIC can estimate the vulnerability of the aquifer. As a result, a fair pre-
liminary analysis, for identifying vulnerable areas and understanding policy, decision
making and management plans, is obtained [33]. Generally, DRASTIC is integrated
together with GIS tools (e.g. ArcGIS) in order to have maps for groundwater according
to each parameter. Due to the lack of geo-referential data in the Finnish databases, it
was not possible to draw GIS maps.
The so-called DRASTIC vulnerability index (DVI) is calculated to determine the vul-
nerability of the aquifer. The higher the DVI is, the more vulnerable the aquifer is.
The index is determined from Equation 4.2:
DV I = Dr ×Dw +Rr ×Rw + Ar × Aw + Sr × Sw + Tr × Tw
+ Ir × Iw + Cr × Cw
(4.2)
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Figure 4.3: Visualization of the seven DRASTIC parameters [90]
The index r and w indicate the rating and the weight assigned to the parameter: for
r, the scale ranges from 1 to 10, in which 1 denotes the least vulnerable while 10 is the
most vulnerable areas; for w the scale is from 1 to 5, where 1 is the least significant
parameter and 5 is the most. The rating’s ranges are calculated according to the area.
The knowledge of the hydrogeology and geology of the site is therefore fundamental
[33]. The ratings and the weights of the parameters, provided by the environmental
protection agency US EPA, are described in detail in Table 4.4. According to these
values, the DVI goes from 31 to 226, which indicates, respectively, a low and high
vulnerability.
The DRASTIC method is very advantageous. DRASTIC is able to limit the errors
that might arise due to factors such as the uncertain value of the parameters or the
influence of the parameters on the DVI value [91]. In order to obtain a further knowl-
edge on the parameters and on the role they play in the vulnerability of the aquifer,
a sensitivity analysis can be conducted [34]. It is possible to identify two types of
sensitivity analysis:
• the map removal sensitivity, which was elaborated by Lodwick et al. [35]. The
DVI sensitivity is determined through the removal of one or more parameters. It
is calculated by Equation 4.3:
SI =
|DV I
Np
− DV I′
N ′p
|
DV I
× 100 (4.3)
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Table 4.4: Range, rating, weight and total weight of the DRASTIC parameters [88] [30]
Parameter
Parameter
range
Parameter
rating
Parameter
weight
Parameter total
weight
D: Depth to
water table [m]
0 - 2.5
2.5 - 4
4 - 6.5
6.5 - 9
9 ≥ 12.5
10
7
5
3
1
5
50
35
25
15
5
R: Net
recharge [mm]
0 - 50.80
50.80 - 101.60
101.60 - 177.80
177.80 - 254
> 254
1
3
6
8
9
4
4
12
24
32
36
A: Aquifer
media [-]
Alluvium
Limestone
Conglomerate
Volcanic
Flysch
10
9
8
7
3
3
30
27
24
21
9
S: Soil
media [-]
Absent
Gravel-sand
Gravel
Sandy clay
Clay loam
10
9
8
3
2
2
20
18
16
6
4
T: Topography or
slope [%]
0 < 2
2 < 6
6 < 12
12 - 18
> 18
10
9
5
3
1
1
10
9
5
3
1
I: Impact of
vadose zone [-]
Limestone
Basalt
Sand and gravel
Sandstone
Tuff
Clay
10
9
8
6
3
1
5
50
45
40
30
15
5
C: Hydraulic
conductivity [m/day]
0 - 29.005
29.005 - 72.7
72.7 - 116.4
116.4 - 160.1
160.1 - 203.79
203.79 - 247.84
1
3
5
7
9
10
3
3
9
15
21
27
30
SI [%] is the sensitivity index, DVI and DVI′ are the indexes obtained, respec-
tively, with all the parameters and by excluding one or more parameters, and
Np & N
′
p are the number of parameters used for calculating the indexes. When
more than one parameter is removed, the parameters are excluded in ascending
order. The removal proceeded by firstly eliminating the parameters which play
less variation on DVI and so on;
• the single parameter sensitivity, which was used for the first time by Napolitano
and Fabbri [36], and that allows studying the impact of the parameters on the
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value of the DVI index. Equation 4.4 is used:
W =
Pr × Pw
DV I
× 100 (4.4)
W [%] is the effective weight of a single parameter, Pr and Pw are the rating
and the weight of the parameter (see Table 4.4). The effective weight can be
seen as a function of the value of the single parameter with regard to the weight
assigned to it by the DRASTIC model [24]. In a typical case study, W is firstly
calculated from the theoretical DRASTIC values (see Table 4.4), and then from
the DRASTIC values assigned in the case study. In this way, it is possible to
calculate the effective parameter weight by using Equation 4.5:
(Parametertab : PAHDermalexposuredoseformalesaccordingtodifferenthoursweight)Theoretical : (W )Theoretical =
(Parameter weight)Effective : (W )Effective →
(Parameter weight)Effective =
(Parameter weight)Theoretical × (W )Effective
(W )Theoretical
(4.5)
Despite the ease of the DRASTIC method, a large amount of monitoring and field
investigations are required. Data on land use and cover can be used to assess the areas
where water resources are under stress [33].
4.4 Modelling contaminants’ transport
4.4.1 Principles of the GrundRisk model
GrundRisk was chosen to describe the dispersion of the contaminants in the aquifer.
Figure 4.4 shows the conceptual model for the GrundRisk transport model. Five differ-
ent models can be applied. All of them deal with a vertical and a horizontal transport.
The former simulates the changes of contaminant concentrations (due to degradation
and dispersive processes) between the source and the top of the groundwater aquifer,
while the latter simulates the subsequent transport and resulting concentrations in the
aquifer [92]. The models are based on the same assumptions [92]:
• the soil is homogeneous, i.e. the soil and contaminant parameters (e.g. bulk
density and degradation rates) are constant in space and time;
• the sorption processes (see Chapter 2.3) between the water and solid phase are
linear and reversible;
• the advection occurs at constant velocity and only in the water phase in one
dimension;
• the first order kinetics describes the degradation and occurs only in the water
phase (with the first order degradation rate λ);
• the contaminant mass discharge and the concentration in the contaminant source
are constant in the time.
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Figure 4.4: GrundRisk transport model [92]
The models are applied in Matlab and the code presents the same structure for all
the contaminants. It is possible to obtain three different outputs: concentration down-
stream (x direction), across the downstream distance (y direction) and in the vertical
distance at a point located from the downstream edge of the source area (z direction).
The four remaining models are [92]:
• Model I: Homogeneous saturated clay overlying an aquifer. It simulates
the concentrations in the water phase in a saturated clay between the contami-
nant source and an underlying aquifer with a 1D steady-state analytical solution;
no dispersion is assumed in the solution. The model gives as an output the con-
centration at the top of the aquifer, which is simulated through an horizontal 3D
steady state analytical solution (it includes both dispersion and advection);
• Model II: Fractured saturated clay overlying an aquifer. The water
phase concentration in saturated fractured clay layers is simulated using a vertical
1D steady-state analytical solution which assumes advective transport in the
fractures and diffusive transport in the matrix. The concentration in the aquifer
is described with the same horizontal model described in Model I;
• Model III: Unsaturated zone overlying an unconfined aquifer. In this
case, the vertical model simulates the concentration in the water phase, at the
top of the aquifer, by using a 3D steady-state solution. As before, the result of
the vertical model is the output of the horizontal model, which is calculated with
a 3D model. In comparison to the previous ones, the model includes now the
contaminant mass flux J;
• Model IV: Unsaturated zone under an impervious area with zero in-
filtration. The fourth model considers an unsaturated zone overlying the un-
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confined aquifer with no infiltration flux I. The concentration in the unsaturated
zone is simulated using a 2D steady-state analytical, while the concentration in
the aquifer is simulated through the same 3D model (with slight differences) used
in model III;
• Model V: Direct input from the contaminant source to the ground-
water aquifer. It only simulates the concentration in the aquifer by using a
3D horizontal model (the same used in Model I and II), with no vertical model
because the concentration is already in the aquifer.
The contaminants are already in the aquifer. The most suitable model for the purpose
of the Master’s Thesis is Model number V. Its conceptual model is showed in Figure
4.5. The conceptual models of the other four models are showed in Figure 1 and 2 in
Appendix 2.
Figure 4.5: GrundRisk conceptual model number V applied in the study [92]
The aim of model number V is to describe the pollution spreading in a groundwater
reservoir bound at the top. The pollutant mass enters a planar source of pollution with
the area A = Lx × Ly. This source of pollution is located at a permeable edge on the
top of the saturated zone, and it is parallel to the flow direction (see Figure 4.5) [93].
The conservation of mass of contaminant is described by the contaminant transport
equation [93]:
R
∂Cc
∂t
+ u
∂Cc
∂t
−Dx∂
2Cc
∂x2
−−Dy ∂
2Cc
∂y2
−Dz ∂
2Cc
∂z2
+ λ× Cc = 0 (4.6)
with:
Dx = αl × u (4.7)
Dy = αt × u (4.8)
Dy = αv × u (4.9)
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where:
• αl [L] is the longitudinal dispersivity (x direction). It is an essential parameter in
the analysis of the contaminants’ spreading in one dimension because it describes
the breakthrough of a contaminant to a point of compliance (POC), i.e. the
point at which the chemical concentration is wanted to be below the groundwater
guidelines [94];
• αt [L] is the transversal dispersivity (y direction) in the water phase;
• αv [L] is the vertical dispersivity (z direction) in the water phase. It is normally
very low;
• Cc [M/L3] is the contaminant concentration;
• Dx [L2/T] is the longitudinal dispersion coefficient (x direction);
• Dy [L2/T] is the transversal dispersion coefficient (y direction);
• Dz [L2/T] is the vertical dispersion coefficient (z direction);
• λ [1/T] is the 1st order degradation rate. The degradation is assumed to occur
only in the water phase [93];
• R [-]is the retardation coefficient (see Chapter 2.3). As the model is stationary,
the retardation does not affect the resulting concentration [93];
• u [L/T] is the groundwater velocity in the x direction (see Figure 4.5).
The reactions described in Equation 4.6 occur only in the dissolved phase [92]. The
solution to Equation 4.6 is a 3D steady-state analytical solution, which includes disper-
sion and advection in the aquifer. It is provided by the Danish Ministry of Environment
and gives as result the concentration for a point source located at (x′y′) [93]:
Cc(x, y, z) = C0 +
∫ Ly/2
−Ly/2
∫ min(x,Lx)
o
2MD
(Lx × Ly)× 4pinγ ×
√
DyDz
exp(
u(x− x′)
2Dx
− βγ
2Dx
)dx′dy′
(4.10)
with:
β = (u2 + 4Dxλ)
1/2 (4.11)
γ =
√
(x− x′)2 + Dx
Dy
(y − y′)2 + Dx
Dz
z2 (4.12)
where:
• C0 [M/L3] is the source concentration;
• Lx [L] is the length of the contaminant source in the x direction;
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• Ly [L] is the length of the contaminant source in the y direction;
• MD [M/T] is the mass discharge, given by the product of the area (i.e. Lx ×
Ly), the concentration C0 and the infiltration flux I [L/T], which is zero in the
contaminant source but occurs for x > Lx [93];
• z [L] is the depth below the top of the aquifer.
The integration considers the principle of superposition (i.e., by definition, the effective
response of two or more stimuli is the sum of the responses that each stimulus would
cause individually), which allows obtaining the cumulative effect of the source over the
area A = (0 < x′< Lx, -
Ly
2
< y′ < Ly
2
). In addition, because it is only necessary to
integrate for point sources upstream of x, the upper x limit of the integration is min(x,
Lx) [93].
4.4.2 Set-up of the GrundRisk simulations
The GrundRisk analysis was only executed on the polycyclic aromatic hydrocarbons
(PAHs). In order to work correctly, GrundRisk needs concentrations detected in the
source area of the aquifer (i.e. the origin of the contamination) and the information
about the area itself (e.g. porosity and groundwater velocities). This information was
not available for the area affected by the chlorophenols (CPs).
Figure 4.6 describes the path completed by the PAHs from the wood impregnation
plant to the water intake plant, whose distance was estimated to be of (approximately)
2.1 km. As Figure 4.7 shows, the velocities along the pathway are not constant but vary
between 0.20 and 2.3 m/day, with the highest values reached in the main groundwater
flow path, i.e. between the two bays (between 1.6 and 2.3 m/day). GrundRisk is a very
simple model and does not take into account variation of groundwater. As it can be
seen from Figure 4.6 and 4.7, before the azure circle, the groundwater flow is different
(smaller) in comparison to the main groundwater flow path around the two bays (i.e.
from the blue circle to the water intake plant). As a consequence, the simulations on
the PAHs were only executed in the pathway going from the wood impregnation plant
to the azure circle, i.e. close to the source area (look at Figure 4.6). The azure circles
was therefore defined as the point of compliance (POC). The path has approximately
a length of 500 m and the groundwater velocity varies between 0.5 and 1.0 m/day. In
addition, because the goal of the analysis was to check if the groundwater guidelines
were met at the POC, it was decided to focus the modeling only on the results in the
downstream direction (along the aquifer), and not to consider the ones obtained along
the longitudinal and vertical direction (i.e. y and z direction). Also, no detail of the
Matlab code could be inserted in the Master’s Thesis because the software is still under
development and it did not have any official on-line release.
Table 4.5 and 4.6 specifies all the variables that were inserted in GrundRisk as in-
puts. The values of the octanol water partition coefficient Kow were taken from a
study conducted by Mackay et al. [95]. The distribution coefficient Kd was defined
according to the Abdul’s formula (see Chapter 2.3). The first order degradation rate
was calculated by taking into account its half life (λ = 1
t1/2
), which is determined from
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the most important degradation processes. Despite there is degradation of the contam-
inants in the site, it was not possible to collect any information about the degradation
of the contaminants in the Pursiala aquifer. Therefore, in order to estimate the λ val-
ues, it was decided to take as a reference a study conducted by Howard et al. [96] on
the degradation of the chemicals. On the basis of this study, hydrolysis and biodegra-
dation were considered as the principal degradation means, with no consideration for
processes such as volatilization and adsorption [96]. In this study, the t1/2 values of
the contaminants were estimated in groundwater and in aerobic and anaerobic aqueous
systems. Due to the many factors affecting the biodegradation (e.g. the number of
microorganisms in the soil and the redox conditions), it was not possible to define an
exact value of the t1/2. Consequently, GrundRisk was modelled by looking at all the
t1/2 values obtained by Howard et al. The t1/2, which best modelled the concentrations
of the POVET database through GrundRisk, was chosen.
Figure 4.6: PAH path from the wood impregnation plant to water intake plant [56]
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Figure 4.7: Groundwater velocity from the wood impregnation plant [56]
A series of attempts with fictitious concentrations and values of the GrundRisk vari-
ables were executed in order to understand the variables mostly influencing the system.
A high variation of the results was given by varying the degradation rate λ, the source
area A, the dispersivities D, the groundwater velocity u and the porosity n. In particu-
lar, λ revealed to be the parameter influencing the most in GrundRisk. In addition, it
was discovered that modifying the sorption parameters did not affect the simulations.
This aspect of GrundRisk was not surprising because GrundRisk is a steady-state
model and time is not considered. Sorption affects the time needed to reach the steady
state in a transient solution increasing the time by a factor of R (see Chapter 2.3).
The simulations in GrundRisk were executed in order to obtain the same (or at least
similar) concentrations detected in the POVET wells installed around the wood im-
pregnation plant (see Table 3 in Appendix 2 for the PAH concentrations detected by
the POVET wells). GrundRisk was therefore calibrated with the most influencing
GrundRisk parameter, i.e. λ.
It was decided to set a number of 30 simulations. In the first 10, by varying the
degradation rate λ (i.e. the most influencing parameter), it was found the value of λ
and the other parameters that produced a similarity between the GrundRisk results
and the concentrations detected by the POVET wells. In the remaining 20 simulations,
the ”optimal values” of the parameters were slightly altered (i.e. very low standard
deviation between them) in order to keep the similarity with the POVET database.
Figure 4.8 summarizes the main steps of the GrundRisk procedure. Table 5 in Ap-
pendix 2 shows the values of the variables used for the PAH assessment.
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Table 4.5: Variables inserted in GrundRisk - first part
Variable Meaning
αl [m] Longitudinal dispersivity in the x direction
αt [m] Transverse dispersivity in the y direction
αv [m] Vertical dispersivity in the z direction
B [m] Aquifer thickness
C0 [µg/l Concentration in the source area
foc [-] Fraction of organic carbon
Kow [cm
3/g] Octanol water partition coefficient
I [m/day] Infiltration
Lx [m] Length of the contaminant source in the x direction
Ly [m] Length of the contaminant source in the y direction
λ [day−1] First order degradation rate
n [-] Porosity
u [m/day] Groundwater velocity in the x direction
ρb [g/cm
3] Bulk density
Table 4.6: Variables inserted in GrundRisk - second part
Variable Meaning Formula
A [m2] Source area Lx × Ly
Dx [m
2/day] Longitudinal dispersion coefficient αl×u
Dy [m
2/day] Transverse dispersion coefficient αt×u
Dz [m
2/day] Vertical dispersion coefficient αv×u
Kd [cm
3/g] Distribution coefficient foc × 101.04×log(Kow)−0.84
Md [g/day] Mass discharge I x A x (C0)
R [-] Retardation factor 1 + (
Kd × ρb
n
)
Figure 4.8: Main steps of the GroundRisk procedure
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4.5 Assessment of human exposure
When considering groundwater, there are different ways through that human beings
can enter in contact with it. Generally, ingestion is considered as the most significant
exposure route. Many chemicals (such as mono- and dichlorophenols) are volatile and
it is necessary to asses the risk for dermal and inhalation exposure [97]. Figure 4.9
shows the conceptual model considered for this project.
Figure 4.9: Generic conceptual model describing the formation of risks related to contami-
nated groundwater
Because of the missing information regarding the concentration of the CPs and PAHs
in the air, it was not possible to calculate the exposure through the inhalation route.
It could be calculated from the groundwater concentrations based on Henry’s law con-
stant (see Chapter 3.2), but it was assumed to be not an important exposure route due
to the not so high concentrations in the source area in the aquifer.
Generally, Equation 4.13 is used to estimate the human exposure resulting from contact
with a contaminated medium [98]:
D =
Cc × IR× AF × EF
BW
(4.13)
where:
• AF [%] is the absorbed fraction, i.e. the total amount of a substance inhaled,
contacted or ingested that actually enters the bloodstream and can harm;
• BW [kg] is the body weight of a target group;
• Cc [mg/kg in soil, mg/l in water or mg/m3 in air] is the contaminant
concentration;
• ED [year] is the exposure duration, which, by definition, is indicated as the time
of contact between a chemical and a human recipient;
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• EF [-] is the exposure factor, which is referred to the exposure of the contaminant
(it is a daily exposure if equal to 1). Normally, is calculated from Equation 4.14
[98]:
EF =
F × ED
AT
(4.14)
The F [day/year] is the frequency of exposure and AT [-] is the averaging time,
which is equal to ED × 365 days/year. Consequently, EF = F
365 days/year
• IR [mg/day, l/day] is the intake rate of the contaminant medium.
Regarding the ingestion route, the preferred way for estimating the contamination of
drinkable water is through the analysis of the concentration in tap water. If these data
are anyway missing, the analysis is executed on the monitoring wells [97]. Equation
4.15 was used to determine dose through the ingestion route DIngestion [mg/kg/day]
[98]:
DIngestion =
Cc × IR× EF
BW
(4.15)
The Cc is in mg/l and IR in l/day (liters of water per day). The value of Cc, for the
CPs, were taken from Table 4.3, and for the PAHs from the results of the GrundRisk
simulations (see Chapter 5.2). The standard default values for the ingestion expo-
sure are showed in Table 6 in Appendix 4. The values of the ingestion reference dose
RfDIngestion were taken from the Integrated Risk Information System (IRIS), which is a
database maintained by US EPA and containing all the information regarding possible
hazards to human health of the chemicals found in nature [99]. It is a chronic RfD,
i.e. a reference dose used for long-term exposure (most interesting than the short-term
exposure). Table 4.7 collects all the RfDsIngestion for CP and PAHs. No RfDIngestion
was found for 2,4,6-trichlorophenol, chrysene and phenathrene.
Normally, the dermal absorption of contaminants in water occurs during showering,
bathing or outdoor activities such as swimming. The impact of a chemical on the
human body is related to the characteristic of the substance: its physicochemical prop-
erties, such as molecular weight (high influence for low weights) or hydrophobicity (high
influence for high values), have a high impact on the permeability of the skin [97]. The
dose through dermal route DDermal [mg/kg/day] was determined according Equation
4.16 [98]:
DDermal =
Cc × P ×BSA× ET × CF × EF
BW
(4.16)
where [97]:
• BSA [cm2] is the body surface area;
• CF [1 l/1000 cm3] is the conversion factor;
• ET [hour/day] is the exposure time. It is strictly related to seasonal factors,
age and geographical factors. US EPA established average showering and bathing
times for adults and children, i.e., respectively, 12 and 20 minutes [100];
• P [cm/hour] is the dermal permeability coefficient for a chemical. By using this
coefficient, the dermal absorption of a chemical, from water, can be estimated. It
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has a wide range and it is important to take into account its source of reference
because the coefficient derived from animal studies may not be suitable for human
assessments due to the substantial differences in skin permeability.
Table 4.7: Ingestion Reference Dose RfDIngestion of Chlorophenols (CPs) and Polycyclic
Aromatic Hydrocarbons (PAHs) [99]
Chemical
RfDIngestion
[mg/kg/day]
2-CP 5.0E-03
2,4-DCP 3.0E-03
2,4,6-TCP -
2,3,4,6-TeCP 3.0E-02
PCP 5.0E-03
Chemical
RfDIngestion
[mg/kg/day]
Acenaphthene 6.0E-02
Anthracene 3.0E-01
Benzo(a)pyrene 3.0E-04
Chrysene -
Fluoranthene 4.0E-02
Fluorene 4.0E-02
Naphthalene 2.0E-02
Phenanthrene -
Pyrene 3.0E-02
Table 7 in Appendix 4 shows the default values of the body surface area (BSA). The
dermal reference dose RfDDermal was calculated by using Equation 4.17 [101]:
RfDDermal = RfDIngestion ×GI (4.17)
GI [%] is the gastrointestinal factor, which is used to make the conversion.
Table 4.8 shows the dermal RfDDermal for the CPs and the PAHs (daily intake ref-
erence doses), together with the P and the GI factor that derive, respectively, from
US EPA [102] and from a consulting company named GSI Environmental Inc. [103].
Between the CPs, the P could not be found for 2,3,4,6-TCP. On the other hand, for the
PAHs, the GI factor is the same for all the compounds, and the P was not found for
acenapthene, anthracene, fluorene and pyrene. In addition, because no ingestion RfD
was found for chrysene and pyrene (see Table 4.7), it was not possible to determine
their dermal RfDs.
To determine the non-carcinogenic risks for human beings, the Hazard Quotient HQ is
calculated according to Equation 4.18 [2]:
HQ =
D
RfD
(4.18)
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Table 4.8: Dermal Permeability Coefficient (P), Dermal Reference Dose (RfDDermal) and
Gastrointestinal Factor (GI) of Chlorophenols (CPHs) and Polycyclic Aromatic Hydrocarbons
(PAHs)[103] [102]
Chemical P [cm/hour] GI [-]
RfDDermal
[mg/kg/day]
2-CP 8.0E-03 8.0E-01 4.0E-03
2,4-DCP 2.1E-02 8.2E-01 2.5E-03
2,4,6-TCP 3.5E-02 5.0E-01 -
2,3,4,6-TeCP - 5.0E-01 1.5E-02
PCP 3.9E-01 7.6E-01 3.8E-03
Chemical P [cm/hour] GI [-]
RfDDermal
[mg/kg/day]
Acenaphthene - 8.9E-01 5.3E-02
Anthracene - 8.9E-01 2.7E-01
Benzo(a)pyrene 7.0E-01 8.9E-01 2.7E-04
Chrysene 4.7E-01 8.9E-01 -
Fluoranthene 2.2E-01 8.9E-01 3.6E-02
Fluorene - 8.9E-01 3.6E-02
Naphthalene 4.7E-02 8.9E-01 1.8E-02
Phenanthrene 1.4E-01 8.9E-01 -
Pyrene - 8.9E-01 2.7E-02
D is the exposure dose calculated by Equations 4.15 and 4.16 and RfD is the reference
dose for the ingestion and the dermal exposure route. If HQ is ≤ 1 (i.e. the acceptable
level for non-carcinogenic effects), no adverse health effect is expected [2].
The total non-carcinogenic risk for an exposure route is evaluated by the sum of the
HQs for each chemical (HQi): the Hazard Index HI. It is calculated by Equation 4.19
[104]:
HI = ΣHQi (4.19)
The cumulative HI is given by the sum of the Hazard Indexes from all the scenario-
specific exposure routes:
Cumulative HI = ΣHIj (4.20)
HIj is the Hazard Index for a specific exposure route.
No analysis was executed on carcinogenic risks. Further comments about this deci-
sion are discussed in Chapter 6.3.
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5. Results
The chapter reports the results of the procedures adopted in the Master’s Thesis: the
DRASTIC methodology (see Chapter 5.1), the GrundRisk simulations (see Chapter
5.2) and the human health risk assessment executed on the chemicals (see Chapter
5.3).
5.1 Vulnerability of the aquifer
The vulnerability of the aquifer was analyzed in order to understand the risk of ground-
water contamination due to the industrial activities at Mikkeli. The DRASTIC method
was executed by taking into account the hydrogeological information of the two study
areas (see Table 3.1). The DVI index was calculated according to Equation 4.2. In
addition, by using Equation 4.3, 4.4 and 4.5, a sensitivity analysis was conducted in
order to obtain a better understanding of the vulnerability of the aquifer. This sec-
tion is divided into three parts: the results of the vulnerability of the aquifer in the
area around the wood impregnation plant and in the area around the sawmill, and a
summary of the key results obtained in the section.
5.1.1 Area affected by the wood impregnation plant
Table 5.1 shows that there are three parameters with two different ratings. Because the
main goal of the analysis was to understand the range of vulnerability of the aquifer,
the analysis was executed only on the lowest and the highest DVI value which can be
obtained from these parameters. Therefore, the DVI index can either be 145 or 152.
The difference is very small (about 5%), i.e. the difference in the ratings does not affect
the value of the DVI index. Considering that the generic DVI range goes from 31 to
226 (see Chapter 4.3), it could be stated that the aquifer is quite vulnerable.
Table 5.1: Parameters’ weights for the DRASTIC analysis of the area around the wood
impregnation plant
Parameter
Parameter
range
Parameter
rating
Parameter
weight
Parameter total
weight
D 10 - 15 m 1 5 5
R 280 - 330 mm/a 9 4 36
A Alluvium 10 3 30
S Gravel 8 2 16
T 0 - 2 % 9 or 10 1 9 or 10
I Sand and gravel 8 5 40
C 60 - 80 m/d 3 or 5 3 9 or 15
DVI = 145 or 152
The parameter having the highest total weight is the impact of soil type of the vadose
zone I, followed by the net recharge R and the aquifer soil type A. The depth to the
water table D and the topography T provide the least total weight to the vulnerability
of the aquifer.
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The map removal sensitivity analysis was conducted by removing one parameter (n)
per time (see Equation 4.3) in order to see the variation of the DVI index. As it can be
seen from Table 5.2, the highest variation of DVI belongs to the removal of the impact
of the soil type of the vadose zone I for the lowest and the highest rating. To be precise,
there is a DVI decrease of 38% and 35% from the original indexes. In addition, the
removal of the net recharge R and the aquifer soil type A from the computation caused
a high decrease on the DVI. The analysis continued with the removal sensitivity index
of more than one parameter. As expected, the more the parameters with a high weight
on the DVI are removed, the higher is the variation between the indexes increases (see
at Table 5.1).
Table 5.2: Results of the map removal sensitivity analysis for the area around the wood
impregnation plant. DVI’ is the DRASTIC index calculated with less parameters and SI is
the sensitivity index
Lowest rating Highest rating
Removed
parameter
Remaining
parameters (N′p)
New index
DVI′
SI [%]
New index
DVI′
SI [%]
D 6 140 1.8 149 1.8
R 6 109 1.8 118 1.6
A 6 115 1.1 124 0.9
S 6 129 0.5 136 0.6
T 6 136 1.3 144 1.3
I 6 105 2.2 114 2.1
C 6 136 1.3 139 0.7
Lowest rating Highest rating
Removed
parameter
Remaining
parameters (N′p)
New index
DVI′
SI [%]
New index
DVI′
SI [%]
D 6 140 1.8 147 1.8
DT 5 131 3.8 137 3.7
DTC 4 122 6.7 122 5.8
DSTC 3 106 10.1 106 8.9
DASTC 2 76 11.9 76 10.7
DRASTC 1 40 13.3 40 12.1
The single parameter sensitivity analysis (see Equation 4.4 and 4.5) was applied in
order to analyze the influence of each parameter in the DVI index. The analysis is
summarized in Table 5.3. The net recharge R became, together with I (which main-
tained its high weight), the parameter having the major weight on the vulnerability
index. In addition, A increased its weight of, respectively, about 56% and 50% for
the lowest and highest rating. On the other hand, the depth to water table D highly
decreased its weight (for the two ratings of about 85%), becoming a not so relevant
parameter in the study of the vulnerability of the aquifer. The soil type S and the
topography T slightly increased for the two ratings, while the hydraulic conductivity
C slightly decreased in comparison to D.
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Table 5.3: Results of the single parameter sensitivity analysis for the area around the wood
impregnation plant
Lowest rating
Theoretical Effective
Parameter Parameter weight W [%] W [%] Parameter weight
D 5 21.7 3.4 0.8
R 4 17.4 24.8 5
A 3 13.0 20.7 4.8
S 2 8.7 11 2.5
T 1 4.3 6.2 1.4
I 5 21.7 27.6 5
C 3 13.0 6.2 1.4
Highest rating
Theoretical Effective
Parameter Parameter weight W [%] W [%] Parameter weight
D 5 21.7 3.3 0.8
R 4 17.4 23.7 5
A 3 13.0 19.7 4.5
S 2 8.7 10.5 2.4
T 1 4.3 6.6 1.5
I 5 21.7 26.3 5
C 3 13.0 9.9 2.3
According to these new weights of the parameters, it was possible to define the new DVI
indexes. By looking at Table 5.4, the DVI index, according to the effective weights, is
either equal to 170.6 and 176.4. This means that the change was not so high, but the
aquifer (slightly) increased its vulnerability. To be precise, the initial and the modified
DVI index differ, according to the lowest and highest rating, of about 17% and 16%
(see Table 5.1 and 5.4). In addition, even in this case the difference between the two
DVIs is very low, i.e. of about 3%.
Table 5.4: Modified DRASTIC index according to the effective parameters’ weights of the
two ratings for the area around the wood impregnation plant
Parameter
Parameter
range
Parameter
rating
Parameter
weight
Parameter total
weight
D 10 - 15 m 1 0.8 0.8
R 280 - 330 mm/a 9 5 45
A Alluvium 10 4.8 or 4.5 48 or 45
S Gravel 8 2.5 or 2.4 20 or 19.2
T 0 - 2 % 9 or 10 1.4 or 1.5 12.6 or 15
I Sand and gravel 8 5 40
C 60 - 80 m/d 3 or 5 1.4 or 2.3 4.2 or 11.5
DVI = 170.6 or 176.4
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Figure 5.1 visualizes in details the DVI indexes according to the original and the mod-
ified DRASTIC model.
Figure 5.1: DRASTIC DVI indexes for the area around the wood impregnation plant
5.1.2 Area affected by the sawmill
A similar DRASTIC analysis used in Chapter 5.1.1 was used as well for the area around
the sawmill. According to Table 5.5, the minimum and the maximum DVI index are,
respectively, 143 or 168 in this area. This means that, in comparison to the previous
case (see Table 5.1), the vulnerability in this part of the aquifer is slightly higher. This
is mostly due to the groundwater table D, which is less deep in this case and, conse-
quently, makes the aquifer more vulnerable (see Table 5.5). The difference between the
two DVIs in this case is of about 18%. It is not so high, but the ratings have a higher
influence on the vulnerability than before. The parameter having the highest weight
is the impact of the soil type of the vadose zone I.
The map removal sensitivity analysis was executed with Equation 4.3. The results
are reported in Table 5.6. As previously, the exclusion of more than one parameter
caused a higher increase in the variation between the indexes. Just like the PAH case,
the highest modification of DVI belonged, for the lowest and the highest rating, to the
removal of the impact of the soil type of the vadose zone I, with a DVI decrease of 39%
and 34% from the original indexes. The variation of vulnerability index seemed also to
be relatively sensitive to the removal of the net recharge R from the computation (as
well as the aquifer soil type A).
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Table 5.5: Parameters’ weights for DRASTIC analysis of the area around the sawmill
Parameter
Parameter
range
Parameter
rating
Parameter
weight
Parameter total
weight
D 5 - 10 m 1 or 3 or 5 5 5 or 15 or 25
R 250-300 mm/a 8 or 9 4 32 or 36
A Alluvium 10 3 30
S Gravel-sand 9 2 18
T 0 - 2 % 9 or 10 1 9 or 10
I Sand and gravel 8 5 40
C 30 - 50 m/d 3 3 9
DVI = 143 or 168
Table 5.6: Results of the map removal sensitivity analysis for the area around the sawmill.
DVI’ is the DRASTIC index calculated with less parameters and SI is the sensitivity index
Lowest rating Highest rating
Removed
parameter
Remaining
parameters (N′p)
New index
DVI′
SI [%]
New index
DVI′
SI [%]
D 6 138 1.8 143 0.1
R 6 111 1.3 132 1.2
A 6 113 1.12 138 0.6
S 6 125 0.28 150 0.6
T 6 134 1.33 158 1.4
I 6 103 2.3 128 1.6
C 6 134 1.3 159 1.5
Lowest rating Highest rating
Removed
parameter
Remaining
parameters (N′p)
New index
DVI′
SI [%]
New index
DVI′
SI [%]
D 6 138 1.8 143 0.1
DT 5 129 3.8 133 1.5
DTC 4 120 6.7 124 4.2
DSTC 3 102 9.5 106 6.7
DASTC 2 72 10.9 76 8.3
DRASTC 1 40 13.7 40 9.5
The single parameter sensitivity analysis, for the two ratings, is summarized in Ta-
ble 5.7. As before, Equation 4.4 and 4.5 were used for the calculations. Theimpact
of the soil type of the vadose zone I maintained its weight, while the net recharge
R became the parameter having a major weight on the vulnerability index. In addi-
tion, the aquifer soil type A highly increased of about 61% and 37% for the lowest
and highest rating. On the other hand, the depth to water table D was the only pa-
rameter having a high decrease in weight for the lowest rating (a 84% reduction to be
precise), which was not surprising considering its low DRASTIC weight (see Table 5.5).
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Table 5.7: Results of the single parameter sensitivity analysis for the area around the sawmill
Lowest rating
Theoretical Effective
Parameter Parameter weight W [%] W [%] Parameter weight
D 5 21.7 3.5 0.8
R 4 17.4 22.4 5
A 3 13.0 21 4.8
S 2 8.7 12.6 2.9
T 1 4.3 6.3 1.4
I 5 21.7 28 5
C 3 13.0 6.3 1.4
Highest rating
Theoretical Effective
Parameter Parameter weight W [%] W [%] Parameter weight
D 5 21.7 14.9 3.4
R 4 17.4 21.4 5
A 3 13.0 17.9 4
S 2 8.7 10.7 2.5
T 1 4.3 6 1.4
I 5 21.7 23.8 5
C 3 13.0 5.4 1.2
According to the effective weights of the parameters, the DVI index is either equal
to 171.7 or 182.1 (see Table 5.8). In comparison to Table 5.5, the difference from the
original indexes is of about 20% and 8% for, respectively, the lowest and the highest
rating. The change, especially for the highest rating, was not so high, but the sensitiv-
ity analysis (slightly) increased the vulnerability. In addition, the new indexes differ
of about 6%.
Table 5.8: Modified DRASTIC index according to the effective parameters’ weights of the
two ratings for the area around the sawmill
Parameter
Parameter
range
Parameter
rating
Parameter
weight
Parameter total
weight
D 5 - 10 m 1 or 5 0.8 or 3.4 0.8 or 17
R 250 - 300 mm/a 8 or 9 5 40 or 45
A Alluvium 10 4.8 or 4 48 or 40
S Gravel-sand 9 2.9 or 2.5 26.1 or 22.5
T 0 - 2 % 9 or 10 1.4 12.6 or 14
I Sand and gravel 8 5 40
C 30 - 50 m/d 3 1.4 or 1.2 4.2 or 3.6
DVI = 171.7 or 182.1
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As for the PAH case, Figure 5.2 shows the difference between the original and the
modified DRASTIC indexes.
Figure 5.2: DRASTIC DVI indexes for the area around the sawmill
5.1.3 Summary of the DRASTIC analysis
Figure 5.3 shows the highest DVI indexes calculated for the two areas. The DVI is
slightly higher for the sawmill area but, because the difference between them is very
low (about 3%), the two areas have the same degree of vulnerability. In conclusion,
considering that the DVI has a range between 31 to 226 (see Chapter 4.3), the aquifer
presents a high vulnerability from contamination, i.e. it is very easy for the contam-
inants to reach the aquifer and to decrease the quality of groundwater. The risk is
especially high for the area around the sawmill because it is very close to the water
intake plant (see Figure 3.1).
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Figure 5.3: Maximum DVI index calculated for the area around the wood impregnation
plant and the sawmill
5.2 Outcome of the modelling of dispersion in
groundwater
The following section is divided into two parts: the first presents the results obtained
from the GrundRisk simulations, which were only executed on the polycyclic aromatic
hydrocarbons (PAHs), while the second is a summary containing the most important
considerations driven from the results.
5.2.1 GrundRisk simulations of PAHs
The area around the wood impregnation plant, which was considered for the GrundRisk
simulations, is showed in Figure 5.4. The results of the simulations were compared to
the concentrations detected in the POVET groundwater wells around the area: 31R,
35R, 36R, 37R, 42R and 50R. Because no information could be found in the POVET
database about well 36R, 37R and 38R, the comparison was executed only with the
remaining wells (see Table 3 in Appendix 2). GrundRisk simulated the concentrations
in the downstream direction (i.e. x-direction). A downstream length equal to 500 m,
i.e. the distance between the point of compliance and the source area in the aquifer,
was set for the simulation. The starting point is x = 0, i.e. the location of the source
area. Each well was assumed to be in a specific position along the downstream: 31R at
a distance of 25 m from the source area, 35R of 200 m, 42 R of 400 m and 50R of 500
m. Probably it is not the exact location of the wells, but it is a good approximation.
Figure 5.4 visualizes the location of the four wells.
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Figure 5.4: Details of the path considered for the GrundRisk analysis [56]
Table 4 in Appendix 2 shows the values of the GrundRisk variables that were used
for the PAH case. Due to the high hydrophobicity of the PAHs, the distribution and
the retardation coefficient have a very high value. Table 5.9 and 5.10 collect the results
of the 30 GrundRisk simulations for the wells 31R, 35R, 42R and 50R (see Figure 5.4).
According to them, benzo(a)pyrene and chrysene are the only compounds exceeding
the groundwater guidelines (the latter for only well 31R). Therefore, it was decided to
show the concentrations along the downstream direction of the aquifer (x- axis) of these
two compounds in Figure 5.5 and 5.6. Through these graphs, it is possible to see the
variation of the concentrations in each GrundRisk simulation. The last simulation, i.e.
number 30 in the x-axis of Figure 5.5 and 5.6, was conducted at the point of compliance
POC, which corresponds to the location of well 50R (see the blue circle in Figure 5.4).
The simulations of the other PAH compounds were not relevant because, as it can be
seen by Table 5.9, they gave concentrations below the groundwater guidelines. The
graphs of these simulations are showed in Figure 3, 4, 5 and 6 in Appendix 3.
A series of considerations were drawn from the results obtained in Figure 5.5 and 5.6.
The farer the well is from the source, the less sensible is the system to the modifications
of the model. For all the PAH compounds, the variations of the input parameters of
GrundRisk always caused high variations of the concentrations simulated in well 31R.
The concentrations for benzo(a)pyrene are always above the guideline values, while
chrysene exceeds the guideline for only well 31R (see the orange line in Figure 5.5 and
5.6). Comments about the simulations and the comparison with POVET are discussed
in Chapter 6.2.
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Table 5.9: Concentrations of Polycyclic Aromatic Hydrocarbons (PAHs) obtained in 30
GrundRisk simulations for well 31R, 35R and 42R. The value is highlighted in blue if it is
above the groundwater guideline
Well 31R - 25 m from the source area (SA) in the aquifer
Chemical Unit
Groundwater
guideline
Max Min Mean STDV
95%
UCL
Acenaphthene µg/l 400 1.9E+02 1.2E+01 5.8E+01 3.9E+01 1.4E+02
Anthracene µg/l 2000 1.1E+01 1.6E+00 4.9E+00 2.7E+00 1.0E+01
Benzo(a)pyrene µg/l 0.005 1.9E+01 4.0E-01 1.1E+01 4.0E-01 1.4E+00
Chrysene µg/l 5 6.3E+00 1.4E+00 2.9E+00 1.4E+00 5.7E+00
Fluoranthene µg/l 300 3.0E+01 6.1E+00 9.3E+00 5.9E+00 2.1E+01
Fluorene µg/l 300 8.1E+01 8.4E+00 3.6E+01 1.5E+01 6.5E+01
Naphthalene µg/l 300 2.9E+01 4.9E+00 2.1E+01 7.6E+00 3.6E+01
Phenanthrene µglL 100 5.9E+01 1.4E+01 3.5E+01 1.1E+01 5.8E+01
Pyrene µg/l 200 2.1E+01 4.5E+00 7.2E+00 4.1E+00 1.5E+00
Well 35R - 200 m from the source area (SA) in the aquifer
Chemical Unit Groundwater Max Min Mean STDV
95%
UCL
Acenaphthene µg/l 400 3.5E+01 1.3E+00 1.4E+01 9.4E+00 3.2E+01
Anthracene µg/l 2000 5.5E+00 3.0E-01 2.1E+00 1.4E+00 5.1E+00
Benzo(a)pyrene µg/l 0.005 5.0E-01 1.0E-01 2.0E-01 1.0E-01 4.0E-01
Chrysene µg/l 5 1.6E+00 2.0E-01 8.0E-01 4.0E-01 1.6E+00
Fluoranthene µg/l 300 7.1E+00 9.0E-01 2.8E+00 1.4E+00 5.5E+00
Fluorene µg/l 300 1.8E+01 1.3E+00 5.8E+00 3.7E+00 1.3E+01
Naphthalene µg/l 300 6.4E+00 9.8E-04 4.4E+00 2.4E+00 9.1E+00
Phenanthrene µg/l 100 2.4E+01 4.1E+00 1.2E+01 4.9E+00 2.2E+01
Pyrene µg/l 200 5.6E+00 4.0E-01 1.4E+00 1.4E+00 4.3E+00
Well 42R - 400 m from the source area (SA) in the aquifer
Chemical Unit
Groundwater
guideline
Max Min Mean STDV
95%
UCL
Acenaphthene µg/l 400 1.6E+01 2.0E-01 4.1E+00 3.9E+00 1.2E+01
Anthracene µg/l 2000 3.1E+00 1.0E-01 1.1E+00 8.0E-01 2.8E+00
Benzo(a)pyrene µg/l 0.005 3.0E-01 1.0E-01 1.0E-01 1.0E-01 2.0E-01
Chrysene µg/l 5 9.0E-01 1.0E-01 4.0E-01 3.0E-01 9.0E-01
Fluoranthene µg/l 300 3.3E+00 4.0E-01 1.2E+00 6.0E-01 2.4E+00
Fluorene µg/l 300 3.6E+00 1.0E-01 1.1E+00 9.0E-01 2.9E+00
Naphthalene µg/l 300 1.7E+00 3.2E-08 9.0E-01 5.0E-01 2.1E+00
Phenanthrene µg/l 100 1.1E+01 1.4E+00 5.1E+00 2.4E+00 9.9E+00
Pyrene µg/l 200 3.1E+00 1.0E-01 7.0E-01 8.0E-01 2.2E+00
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Table 5.10: Concentrations of Polycyclic Aromatic Hydrocarbons (PAHs) obtained in 30
GrundRisk simulations for well 50R. The value is highlighted in blue if it is above the ground-
water guideline
Well 50R - 500 m from the source area (SA) in the aquifer
(point of compliance, POC)
Chemical Unit
Groundwater
guideline
Max Min Mean STDV
95%
UCL
Acenaphthene µg/l 400 1.2E+01 1.0E-01 2.5E+00 2.9E+00 8.4E+00
Anthracene µg/l 2000 2.5E+00 1.0E-01 9.0E-01 7.0E-01 2.2E+00
Benzo(a)pyrene µg/l 0.005 2.0E-01 1.0E-01 1.0E-01 1.0E-01 2.0E-01
Chrysene µg/l 5 8.0E-01 1.0E-01 3.0E-01 2.0E-01 7.0E-01
Fluoranthene µg/l 300 2.5E+00 3.0E-01 9.0E-01 4.0E-01 1.8E+00
Fluorene µg/l 300 1.8E+00 1.0E-01 5.0E-01 5.0E-01 1.5E+00
Naphthalene µg/l 300 9.0E-01 1.9E-10 5.0E-01 3.0E-01 1.1E+00
Phenanthrene µg/l 100 8.4E+00 9.0E-01 3.6E+00 1.8E+00 7.2E+00
Pyrene µg/l 200 2.4E+00 1.0E-01 5.0E-01 6.0E-01 1.8E+00
Figure 5.5: Benzo(a)pyrene concentrations obtained in each of the 30 GrundRisk simulations
for well 31R, 35R, 42R and 50R. The number of the simulation is on the x-axis, and each
point of the graph is the concentration obtained for the well in the simulation
Because it was not possible to make a simulation in the main groundwater flow path,
the analysis in this path was conducted by looking at the concentrations detected in
the wells of the POVET database. It was decided to focus only on three wells, i.e. 45R,
61B and K10, which are respectively located at the beginning, at the middle and at
the end of the main groundwater flow path (see Figure 5.7). The analysis was executed
in order to check if phenomena like dilution had an effect on the concentration of the
chemicals.
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Figure 5.6: Chrysene concentrations obtained in each of the 30 GrundRisk simulations for
well 31R, 35R, 42R and 50R. The number of the simulation is on the x-axis, and each point
of the graph is the concentration obtained for the well in the simulation
As Figure 4.6 and 4.7 show, the main groundwater flow path is larger and presents
a higher velocity than the path next to the wood impregnation plant. Results are re-
ported in Table 5.11. Well 45R, i.e. at the beginning of the main groundwater flow path
(see Figure 5.7), have higher concentrations in comparison to the other wells because
it is closer to the wood impregnation plant. All the concentrations detected in well
45R are below the groundwater guidelines. The other two wells, in particular well K10,
which is just before the water intake plant (see Figure 5.7), mostly have concentrations
very small, i.e. < 0.1 µg/l.
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Figure 5.7: Main groundwater flow path [56]
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Table 5.11: Concentrations of Polycyclic Aromatic Hydrocarbons (PAHs) detected in well
45R, 61B and K10 of the POVET database installed in the main groundwater flow path. All
the values are below the groundwater guideline [86]
Well 45R - 6 samples
Chemical Unit
Drinking
water
Max Min Mean STDV
95%
UCL
Acenaphthene µg/l 400 3.3E+01 1.5E+01 2.4E+01 6.4E+00 3.7E+01
Anthracene µg/l 2000 1.0E-01 1.0E-01 1.0E-01 1.0E-02 1.0E-01
Benzo(a)pyrene µg/l 0.005 < 1.0E-01 < 1.0E-01 < 1.0E-01 - -
Chrysene µg/l 5 < 1.0E-01 < 1.0E-01 < 1.0E-01 - -
Fluoranthene µg/l 300 1.0E+01 1.0E-01 1.7E+00 4.1E+00 9.8E+00
Fluorene µg/l 300 1.4E+01 6.1E+00 1.0E+01 3.7E+00 1.8E+01
Naphthalene µg/l 300 9.0E-01 2.0E-01 5.0E-01 3.0E-01 1.1E+00
Phenanthrene µg/l 100 < 1.0E-01 < 1.0E-01 < 1.0E-01 - -
Pyrene µg/l 200 < 1.0E-01 < 1.0E-01 < 1.0E-01 - -
Well 61B - 2 samples
Chemical Unit
Drinking
water
Max Min Mean STDV
95%
UCL
Acenaphthene µg/l 400 3.1E+00 2.9E+00 3.2E+00 1.0E-01 3.3E+00
Anthracene µg/l 2000 < 1.0E-01 < 1.0E-01 < 1.0E-01 - -
Benzo(a)pyrene µg/l 0.005 < 1.0E-01 < 1.0E-01 < 1.0E-01 - -
Chrysene µg/l 5 < 1.0E-01 < 1.0E-01 < 1.0E-01 - -
Fluoranthene µg/l 300 < 1.0E-01 < 1.0E-01 < 1.0E-01
Fluorene µg/l 300 8.0E-01 4.0E-01 6.0E-01 3.0E-01 1.1E+00
Naphthalene µg/l 300 < 1.0E-01 < 1.0E-01 < 1.0E-01 - -
Phenanthrene µg/l 100 < 1.0E-01 < 1.0E-01 < 1.0E-01 - -
Pyrene µg/l 200 < 1.0E-01 < 1.0E-01 < 1.0E-01 - -
Well K10 - 1 sample
Chemical Unit
Drinking
water
Max Min Mean STDV
95%
UCL
Acenaphthene µg/l 400 4.0E-01 4.0E-01 4.0E-01 - -
Anthracene µg/l 2000 < 1.0E-01 < 1.0E-01 < 1.0E-01 - -
Benzo(a)pyrene µg/l 0.005 < 1.0E-01 < 1.0E-01 < 1.0E-01 - -
Chrysene µg/l 5 < 1.0E-01 < 1.0E-01 < 1.0E-01 - -
Fluoranthene µg/l 300 < 1.0E-01 < 1.0E-01 < 1.0E-01 - -
Fluorene µg/l 300 < 1.0E-01 < 1.0E-01 < 1.0E-01 - -
Naphthalene µg/l 300 < 1.0E-01 < 1.0E-01 < 1.0E-01 - -
Phenanthrene µg/l 100 < 1.0E-01 < 1.0E-01 < 1.0E-01 - -
Pyrene µg/l 200 < 1.0E-01 < 1.0E-01 < 1.0E-01 - -
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5.2.2 Summary of the GrundRisk simulations
The GrundRisk results can be summarized in two parts. Firstly, the GrundRisk results
showed that the benzo(a)pyrene and chrysene concentrations (the latter for only well
31R) are above the groundwater acceptable levels for drinking (see Figure 5.5 & 5.6
and Table 5.9). Therefore, based on these results and considerations, the human health
risk assessment should give significant health risks for only these two PAH compounds
because they exceed the groundwater guidelines for potable water.
Secondly, the analysis on the concentrations detected by the wells of the POVET
database, located in the main groundwater flow path (see Figure 5.7), showed that the
situation before the water intake plant seems to be under secure conditions, i.e. the
concentrations are below the groundwater guidelines (see Table 5.11). Therefore, the
human health risk assessment on the concentrations detected in the wells located along
this path was considered not relevant. Further considerations about the limitations of
the GrundRisk model are discussed in Chapter 6.2.
5.3 Human health risks
This section shows the results of the human health risk assessment executed on the
two groups of contaminants. Due the similarities between the default values for the
male and the female group (see Table 6 and 7 in Appendix 4), it was decided to make
the calculations for only the males. The section is divide into three parts: the results
for the chlorophenols, for the polycyclic aromatic hydrocarbons and a summary with
the key results of the calculations.
5.3.1 Risks of exposure to Chlorophenols
The human health risk assessment on the chlorophenols (CPs) was based on the con-
centrations detected in the wells installed by the Finnish Consulting Group. In order to
calculate the highest Hazard Quotients for these chemicals, the maximum concentra-
tion in groundwater detected in these wells was considered for the calculations (fourth
column of Table 4.3).
It was assumed that adults and children drink respectively 2 and 1 L of water per
day (see Chapter 4.5). Calculations were done according to Equation 4.15 by taking
into account different exposure factors EFs (see Equation 4.14). Table 5.12 shows the
results regarding the ingestion exposures for a daily exposure (EF = 1, i.e. an exposure
for every day of the year), which were compared to the reference doses RfDs (see Table
4.7). Table 8 in Appendix 4 shows the ingestion doses for a frequency of exposure F
equal to 30 (EF = 0.08), 104 (EF = 0.28) and 208 days (EF = 0.57). The frequency of
exposure was chosen in order to get a general idea on how the dose changes according to
the exposure of human beings to the contaminants. To avoid obtaining similar results
between the groups of age, the ingestion exposure was only calculated for one group of
children, i.e. between 6 and 11 years old. By looking at the results reported in Table
5.12 and 8 in Appendix 4, for EF = 0.08, 2-CP, 2,4-DCP and 2,4,6-TCP never exceed
the reference doses RfDs. By increasing the frequency of exposure, the ingestion doses
increase until, for a daily exposure, all the compounds, in particular 2,3,4,6-TeCP, ex-
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ceed the ingestion reference dose RfDIngestion (in exception of 2,4,6-TCP for adults and
children). According to this model, due to the low body weight, the infant group is
the one with the highest doses calculated.
Table 5.12: Males, exposure dose D from ingestion, for a daily exposure (EF = 1), of water
containing Chlorophenols (CPs). The value is highlighted in red if it is above the reference
dose RfD
Males, ingestion exposure D [mg/kg/day] for a daily exposure (EF = 1)
Chemical
RfDIngestion
[mg/kg/day]
D, infant
(6 < 12 months)
D, child
(6 < 11 years)
D, adult
(> 21 years)
2-CP 5.0E-03 4.2E-02 1.2E-02 9.1E-03
2,4-DCP 3.0E-03 3.1E-02 9.0E-03 6.7E-03
2,3,4,6-TeCP 3.0E-02 1.1E+01 3.1E+00 2.3E+00
PCP 5.0E-03 2.5E-01 7.5E-02 5.6E-02
The dermal exposure was calculated according to Equation 4.16. The parameters used
for these calculations are reported in Table 4.8, 6 and 7 in Appendix 4. The results are
showed in Figure 5.8. The task considered the same groups of age used for calculating
the ingestion exposures. The exposure time ET for a shower/bathing was assumed
equal to 20 and 12 minutes for respectively children and adults. The exposure factor
EF was assumed equal to 1 for a daily exposure (i.e. a shower taken every day of
the year). It was not possible to determine the intake through dermal exposure for
2,3,4,6-TeCP because the dermal permeability coefficient P could not be found for this
chemical (see Table 4.8). As it can be seen from Figure 5.8, for EF equal to 1, only
pentachlorophenol exceeds the dermal reference dose RfDDermal.
Figure 5.8: Males, exposure dose D from dermal contact, for a daily exposure (EF = 1),
with water containingf Chlorophenols (CPs). The value is colored if it is above the reference
dose RfD
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Figure 5.9 shows the results of the Hazard Index HI (see Equation 4.19), which is
given by the sum of the Hazard Quotients HQs of each chemical in a specific exposure
route (see Equation 4.18). Further details about the HQ and the HI can be found in
Table 10 and 11 in Appendix 4. All the results are above the acceptable level of 1 (for
non-carcinogenic risks).
Figure 5.9: Males, Hazard Index HI given by the sum of the intakes of each Chlorophenol
(CP) for a daily ingestion exposure and a daily dermal contact (EF = 1). The value is colored
if it is above the acceptable level of 1
Table 5.13 shows the cumulative Hazard Index HI (see Equation 4.20), which gives the
total non-carcinogenic risk for each chemical in the three groups of people. According
to this analysis, the highest Hazard Index belongs to the group of infants.
Table 5.13: Cumulative Hazard Index HI considering the ingestion and dermal exposure
route for Chlorophenols (CPs). The value is colored if it is above the acceptable level of 1
Group of people Cumulative HI [-]
D, infant (6 < 12 months) 4.6E+02
D, child (6 < 11 years) 1.5E+02
D, adult (> 21 years) 1.0E+02
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5.3.2 Risks of exposure to Polycyclic Aromatic
Hydrocarbons
The procedure used for the CPs were repeated for the polycyclic aromatic hydrocar-
bons (PAHs). The concentrations used for this analysis were taken from the results
of the GrundRisk simulations (see Table 5.9). Firstly, it was decided to present the
calculations of the Hazard Quotients for the well, which, according to the GrundRisk
simulations, had the maximum concentrations in the groundwater of Pursiala. By
looking at the GrundRisk results in Table 5.9, the maximum concentration in the
groundwater was obtained (with GrundRisks) in well 31R. Results for a daily ingestion
exposure (see Equation 4.15) are presented in Figure 5.10. Further details about these
results are available in Table 12 and 13 in Appendix 4. For all the contaminants, the
doses calculated are always below the ingestion reference dose RfDIngestion.
Figure 5.10: Males, exposure dose D from ingestion, for a daily exposure (EF = 1), of water
containing Polycyclic Aromatic Hydrocarbons (PAHs), simulated with GrundRisk, detected
in well 31R. All the values are below the reference dose RfD
The analysis continued by determining the dermal exposures (see Equation 4.16). The
results are available for only benzo(a)pyrene, chrysene, fluoranthene, naphthalene and
phenanthrene because the dermal permeability coefficient P was not found for the other
PAH compounds (see Table 4.8). As it can be seen in Figure 5.11, for a shower taken
every day of the year (exposure factor EF=1, i.e. a daily exposure), no chemical ex-
ceeds the dermal reference dose RfDDermal. Further details about these results can be
found in Table 14 in Appendix 4.
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Figure 5.11: Males, exposure dose D from dermal contact, for a daily exposure (EF = 1),
with water containing Polycyclic Aromatic Hydrocarbons (PAHs), simulated with GrundRisk,
detected in well 31R. All the values are below the reference dose RfD
Figure 5.12 shows the results of the Hazard Indexes HIs (see Equation 4.19). The
infant is the only group where the HI is above the acceptable level of 1. The complete
results for the Hazard Quotients HQs and the HIs can be found in Table 15 and 16
in Appendix 4. The analysis proceeded with the calculation of the cumulative Hazard
Indexes (see Equation 4.20). As Table 5.14 shows, the highest cumulative HI was found
for the group of infants.
Table 5.14: Cumulative Hazard Index HI considering the ingestion and dermal exposure route
for Polycyclic Aromatic Hydrocarbons (PAHs) detected in well 31R. The value is highlighted
in red if it is above the acceptable level of 1
Group of people Cumulative HI [-]
D, infant (6 < 12 months) 2.3
D, child (6 < 11 years) 1.0
D, adult (> 21 years) 0.6
At the point of compliance (POC), i.e. well 50R (see Figure 5.4), the groundwater
guidelines are only exceeded by benzo(a)pyrene. Calculations executed on the intakes
through ingestion and dermal path showed values below the reference doses RfDs (see
Table 17 and 18 in Appendix 4).
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Figure 5.12: Males, Hazard Index HI given by the sum of the intakes of each Polycyclic
Aromatic Hydrocarbon (PAH), detected in well 31R, for a daily ingestion exposure and a
daily dermal contact (EF = 1). The value is colored it is above the acceptable level of 1
The calculations of the Hazard Index were all below the acceptable level of one (see
Table 19 and 20 in Appendix 4). Consequently, as Table 5.15 shows, there is no sig-
nificant risk to human beings at the point of compliance because, according to these
calculations, all the cumulative Hazard Indexes are below the acceptable level of 1.
Table 5.15: Cumulative Hazard Index HI considering the ingestion and dermal exposure
route for Polycyclic Aromatic Hydrocarbons (PAHs) detected in well 50R
Group of people Cumulative HI [-]
D, infant (6 < 12 months) 2.0E-01
D, child (6 < 11 years) 1.0E-01
D, adult (> 21 years) 6.0E-01
An additional analysis on the PAHs was executed by considering the concentrations
measured in the source area in the aquifer around the wood impregnation plant (see
Table 4.2). As before, only the results of the Hazard Indexes HIs are showed. Details
for the intakes through a daily ingestion and daily dermal exposure can be found in
Table 21 and 22 in Appendix 4. The results reported in Figure 5.13 show that, in
comparison to the previous results (see Figure 5.12), acenaphthene, benzo(a)pyrene,
fluoranthene, fluorene, naphthalene and pyrene represent a non-carcinogenic risk for
the local people of the area (especially for infants). Details of the Hazard Quotients
and Indexes are showed in Table 23 and 24 in Appendix 4.
61
Figure 5.13: Males, Hazard Index HI given by the sum of the intakes of each Polycyclic
Aromatic Hydrocarbon (PAH), detected in the source area in the aquifer, for a daily ingestion
exposure and a daily dermal contact (EF = 1). The value is colored it is above the acceptable
level of 1
Lastly, the cumulative Hazard Index HI was calculated by summing the Hazard In-
dexes for the ingestion and the dermal exposure route. As Table 5.16 shows, the
highest HI was calculated for the infants.
Table 5.16: Cumulative Hazard Index HI considering the ingestion and dermal exposure
route for Polycyclic Aromatic Hydrocarbons (PAHs) detected in the source in the aquifer.
The value is highlighted in red if it is above the acceptable level of 1
Group of people Cumulative HI [-]
D, infant (6 < 12 months) 5.4E+01
D, child (6 < 11 years) 2.5E+01
D, adult (> 21 years) 1.4E+01
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5.3.3 Summary of the human health risks
Figure 5.14 visualizes the highest cumulative Hazard Indexes HI calculated in the three
case. The analysis on the CP concentrations detected in the aquifer by the Finnish
Consulting Group (see Chapter 5.3.1), on the PAH concentrations obtained by the
GrundRisk simulations at the point of compliance and on the PAH concentrations
detected in the source area in the aquifer (see Chapter 5.3.2). According to the com-
parison with the reference doses RfDs and the level of 1 for the Hazard Quotient/Index,
the areas around the wood impregnation plant and the sawmill represent (especially the
latter) a significant health risk to human beings. In addition, the group of infants is the
one, according to these calculations, always having the highest Hazard Quotient/Index.
Figure 5.14: Maximum Hazard Index HI for three cases considered. The value is highlighted
in red if it is above the acceptable level of 1
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6. Discussion
The analysis in the Master’s Thesis was developed by applying the DRASTIC method,
which gave as result a high vulnerability of the aquifer. Moreover, the GrundRisk tool
modeled the dispersion of the contaminants in the area around the wood impregnation
plant at a point of compliance (POC) set at 500 m from the source area in the aquifer
(see Figure 5.4). The simulation gave benzo(a)pyrene and chrysene concentrations
above the groundwater guidelines (see Figure 5.5 & 5.6 and Table 3 in Appendix 2).
Lastly, a human health risk assessment was executed. The method gave HQ/HI values
above the acceptable level of 1, especially for the area around the sawmill (see Figure
5.14). Therefore, it could be stated that the industrial activities in Mikkeli cause
significant health risks for the local people. The conclusions derived from a series of
approximations and uncertainties (especially in the GrundRisk simulations) that have
to be taken into account in order to understand the reliability of the results. This
chapter is divided into four sections: the first three discuss the reliability and the
uncertainties of the models used in the Master’s Thesis, with a comparison between
the other tools described in Chapter 2. The comparison with groundwater models was
challenging not only because of the large number of softwares that can be used for
modelling groundwater phenomena and that could have been therefore chosen for a
comparison, but even because it was hard to find scientific articles discussing this topic
in Finland. Consequently, the comparison with the other models was focused on their
outputs and procedures. The last section presents the main outcomes of the Master’s
Thesis.
6.1 Aquifer vulnerability
Due to the similar hydrogeological characteristics, the area around the wood impreg-
nation plant and the sawmill have an analogous DVI index. Consequently, the con-
siderations drawn from them are similar. The only relevant difference between the
two cases is the depth to the water table D (see Table 3.1), which, in the the area
around the sawmill, has a lower depth and makes the aquifer more vulnerable than in
the area around the wood impregnation plant. The lower is D, the easier is for the
contaminant to reach the groundwater. The DRASTIC analysis gave as a result a high
degree of vulnerability for the two areas: detailed site investigations, including ongoing
monitoring and protection design factors should be executed [105]. As it can be seen
from Table 5.1 and 5.5, there is more than one hydrogeological parameter having dif-
ferent ratings in the two areas. Multiple combinations of these parameters might have
brought to different DVI indexes, but it would not have added useful information for
the purpose of the Master’s Thesis, which aimed to obtain a range for the vulnerability
of the aquifer.
No particular difference was found between the procedure adopted in the Master’s The-
sis and in the scientific articles reported in Chapter 2.1. DRASTIC is a very simple
tool, and it is not surprising to find similar procedures in diverse works (the considera-
tions obtained is, of course, what makes them different). The map removal sensitivity
analysis (see Equation 4.3), elaborated by Lodwick et al. [35], was conducted to un-
derstand if all the parameters were necessary for determining the vulnerability of the
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aquifer [36]. The analysis showed that not all the seven parameters were significant.
Therefore, some of them (e.g. the topography T) can be excluded from the DVI index
because their removal does not causes an incorrect interpretation of the vulnerability
of the aquifer. The single parameter sensitivity analysis (see Equation 4.4), elaborated
by Napolitano et Fabbri [36], was executed to compare the ”real” weight of the param-
eters to the one assigned by the DRASTIC method. The vulnerability of the two areas
slightly increased due to the calculation of the new weights of the parameters. As a
consequence, the influence of the geological characteristics on the vulnerability of the
Pursiala aquifer became clearer. In fact, nevertheless the initial weight of the depth
to the water table D, which makes it, together with the the impact of the soil type of
the vadose zone I, the parameter mostly affecting the vulnerability in an aquifer (see
Table 4.4), the sensitivity analysis revealed that D is not a very important parame-
ter for the vulnerability of the aquifer. This result is not surprising considering that
the depth to the water table is quite high (especially for the PAH case). In addition,
the net recharge R became the parameter mostly influencing the vulnerability. The
other parameters did not have any significant change. In conclusion of the sensitivity
analysis, the net recharge R, the aquifer soil type A and the impact of the soil type of
the vadose zone I revealed to be the parameters influencing most the vulnerability of
the aquifer (see Table 5.4 and 5.8). The study of R can be very complicated because
the parameter is directly related to seasonal factors and to the soil characteristics (e.g.
the vegetation influences the quantity of water that evaporates and infiltrates in the
soil). Groundwater is recharged naturally by rain, but its measurement and predic-
tion are very difficult because rainfall varies in time and space [106]. In addition, it
is very difficult to quantify the processes in the vadose zone and to check if the con-
tamination represents a threat to the groundwater [107] [108]. When dealing with a
contamination problem in deep vadose zones (normally down 18 m), it is hard to ob-
tain information on them because they are below the zone of practical excavation [109].
The DRASTIC method is the American version of SINTACS and have only small
differences. By giving an example, the weight of the soil type layer S is 2 and 4 for,
respectively, the DRASTIC and the SINTACS method. By comparing the procedures
adopted in this Master’s Thesis and the one by Kumar with SINTACS [37], they are,
as expected, very similar. The difference is that, in the study by Kumar, the tool
was used together with geo-referential tools, which is quite common when using this
method (e.g. the study by Gutpa [33]). In addition, the vulnerability of the aquifer was
assessed by comparing the SINTACS indexes, calculated in each part of the aquifer,
with the chemical concentrations detected in the aquifer [28]. These operations were
not executed in the Master’s Thesis. The lack of geo-referential data for Pursiala pre-
vented to represent the aquifer in tools like ArcGIS and to visualize the variation of
the vulnerability in the aquifer. The comparison between the field data (i.e. the con-
centrations detected in the aquifer) and the DVI indexes was not considered relevant
because this operation is normally executed when dealing with high variations of the
DVI index, i.e. when dealing with (normally) big areas. In comparison to the Kumar
case, which considered an area of 764 km2 [28], the two areas analyzed in the Mas-
ter’s Thesis are much smaller, i.e. 0.2 and 0.1 km2 for respectively the sawmill and
the wood impregnation plants. Therefore, each hydrogeological parameter either has
a very small range or keeps the same value in every part of the area. This explains
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why it was not necessary to make a division of the two areas in small sub-areas, and
calculate the DVI index for each of them: they are so small that a detailed knowledge
on the variation of the hydrogeological parameters would have (probably) not caused
any significant variation of the vulnerability index. On the other hand, if the DRAS-
TIC analysis had been conducted on the whole Pursiala aquifer, which has an area of
4.3 km2, the division of the aquifer in sub-areas and a comparison between the indexes
and the field data would have been necessary for a correct analysis with DRASTIC.
DRASTIC does not represent a scientific method for predicting the contamination
because the results do not imply the occurrence of the contamination in the area [110].
This explains why other procedures need to be applied to describe the behavior of
the contaminants in the aquifer (e.g. modelling tools). Despite that, the DRASTIC
method is largely used worldwide (and in Finland) because of the accuracy of the de-
tails given by the tool. Many studies on the vulnerability were successfully conducted
with the DRASTIC method, and the Master’s Thesis confirmed this trend: it is an
excellent and cheap way to determine the vulnerability of the aquifer and it is very
useful in determining groundwater strategies and managing aquifers’ protection.
6.2 Modelling tool
Between the groundwater tools described in Chapter 2.2, GrundRisk was the most suit-
able for this project. The study conducted by Artimo et al. [37] and Purjenaie et al.
[39] proved that the outputs of MODFLOW are very different in comparison to Grun-
dRisk. While the latter aims only to model the contaminants’ dispersion in an aquifer,
the formers have several applications, which allow determining, for example, the hydro-
geological distribution in the aquifer. The modelling of the contaminants’ dispersion
in the aquifer is possible in MODFLOW, as described in the study by Saghravani &
Mustapha [41] and by Artimo [40], who simulated the dispersion of the contaminants
in the aquifer trough softwares associated to MODFLOW. All the studies cited, in
comparison to GrundRisk, are more complex because they require a high detailed in-
formation on the aquifer to work correctly (e.g. bedrock properties or hydraulic head
values). This is the reason for why GrundRisk was chosen for the Master’s Thesis
because it allowed obtaining the distribution of the contaminants in the aquifer with-
out acquiring all those detailed information of the area. The choice of this modelling
tool was supported by some Danish case studies [92] where GrundRisk was applied to
show the performance of the model in contaminated sites. No comparison is shown in
the Master’s Thesis with these previous studies because none of them considered the
same situation of model number V. A comparison between the results obtained with
GrundRisk and Bioscreen was not executed because Bioscreen is set for describing
the natural attenuation of BTEX compounds. It would have been difficult to use the
software for other chemicals because the input parameters of Bioscreen should have
been modified and adapted to the chemicals of interest and to the study area [42]. In
addition, it would have been complicated to simulate the biodegradation in Bioscreen
because there was no information available about the electron acceptors in the site.
Lastly, GrundRisk is more precise to model the variation of the contaminants along
the aquifer, while Bioscreen aims at describing if their natural attenuation may happen
at a reasonable time, which was not of interest in this project.
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The GrundRisk simulations were executed considering a high number of assumptions
(see Chapter 4.4). In addition, model number V considers a direct input from the
contaminant source on top of the aquifer (see Figure 4.5), while in the real case, i.e.
Mikkeli, there is no contamination in the soil above groundwater anymore because the
soil has been remediated. The contaminants are only in groundwater, below it and in
the soil-bedrock interface. Like all the GrundRisk models, model number V does not
really describe this situation since it assumes there is still a source of contamination.
This difference was considered acceptable for the Master’s Thesis. The simulations
were only run in the area contaminated by the PAH compounds but, because of the
limitations of GrundRisk (see Chapter 4.4), they were only executed in the path next
to the plant itself, i.e. between the wood impregnation plant and well 50R (500 m). In
this path, GrundRisk simulated concentrations above the groundwater guidelines for
benzo(a)pyrene and chrysene (see Table 5.9). Even if the concentration of the single
chemical is below the groundwater guideline, the mixture of the chemicals might bring
to a concentration exceeding the groundwater guideline. This aspect could not be con-
sidered in the Master’s Thesis because GrundRisk does not consider any joint toxic
action due to the presence of multiple chemicals in the aquifer. No simulation was
run in the main groundwater flow path, i.e. in the direction of the water intake plant
(see Figure 5.7). The analysis in this path was conducted through the study of the
concentrations detected in the wells of the POVET database (see Table 5.11). In this
path, due to several phenomena like dilution, the analysis of the wells of the POVET
database gave concentrations below the groundwater guidelines. In the sawmill area,
the results of the simulations are missing because of the lack of concentrations in the
source area. Considering its vicinity to the water intake plant, the GrundRisk analy-
sis would have been very interesting, but problems would have arisen considering the
pumping stations in the area, which drastically alter the groundwater level, flow and
volume of the area (see Figure 4.1). These situations can complicate the possibility
to model the dispersion of the contaminants in the aquifer not only in GrundRisk,
but even in other modelling tools. By giving an example, Bioscreen cannot be applied
under these conditions because the model gives only reasonable results in area where
pumping systems do not create a complicated flow field [42]. It was only by analyzing
the concentrations of the wells installed by FCG (see Table 4.3) that it was possible to
state that the CP concentrations are above the groundwater guidelines.
GrundRisk was calibrated in order to obtain similar concentrations detected in the
groundwater observation wells of the POVET database (see Table 3 in Appendix 2).
This is not how GrundRisk normally works because it is usually not calibrated. Grun-
dRisk is in fact used in such an early stage of studies to only give an idea about the
contaminants’ dispersion in the aquifer. The calibration was executed in the Mas-
ter’s Thesis because the goal was to examine if this modelling tool is applicable to
the Finnish conditions (see Chapter 2.2). The first order degradation rate λ was the
parameter influencing most the GrundRisk simulations. The calibration was executed
according to this parameter. It was inserted in the model due to evidences of the chem-
ical degradation in the aquifer. Because no exact information could be collected about
the degradation in the area around the wood impregnation plant, the study conducted
by Howard et al. [96] on the chemical degradation, which was cited in many scientific
articles, was chosen as a reference. As it can be seen from the POVET database (see
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Table 3 in Appendix 2), apart from the naphthalene concentrations in well 35R, the
concentrations are always below the guideline values. In addition, the concentrations
are characterized by high variations, which are quite normal in every sampling oper-
ations. The samples were taken at different depths and times (precisely from 2009 to
2011 for well 31R, 2011 for 35R and 42R and 2010 for 50R), at different weather and
seasonal conditions. By giving an example, the naphthalene concentration measured
in 2010 at 74.90 m in well 50R was of 0.5 µg/l, while the concentration in well 42R
measured at 75.00 m (in the same year) was of 130 µg/l. GrundRisk was calibrated in
order to obtain concentrations that were actually measured in the POVET wells around
the wood impregnation plant (see Chapter 4.4). As every model, GrundRisk was not
expected to give exact values and the calibration was not expected to be perfect. The
simulations run in GrundRisk were 30. Table 6.1 shows how many times, considering
30 simulations for each chemical, it was possible to obtain GrundRisk results that were
consistent with the concentrations detected in the wells of the POVET database (see
Table 3).
Table 6.1: Number of GrundRisk simulations consistent with the concentration range in the
POVET database
Well
31R [µg/l] 35R [µg/l] 42R [µg/l] 50R [µg/l]
Acenapthene
POVET range (maximum and minimum concentration
detected in the POVET well)
0.10 - 0.47 100 - 350 210 - 300 0.13 - 0.61
Number of GrundRisk simulations consistent
with the concentration range in POVET
0 0 0 6
Anthracene
POVET range (maximum and minimum concentration
detected in the POVET well)
< 0.1 0.74 - 2.60 0.85 - 1.00 < 0.1
Number of GrundRisk simulations consistent
with the concentration range in POVET
0 18 0 1
Benzo(a)pyrene
POVET range (maximum and minimum concentration
detected in the POVET well)
< 0.1 < 0.1 < 0.1 < 0.1
Number of GrundRisk simulations consistent
with the concentration range in POVET
0 0 22 26
Chrysene
POVET range (maximum and minimum concentration
detected in the POVET well)
< 0.1 < 0.1 < 0.1 < 0.1
Number of GrundRisk simulations consistent
with the concentration range in POVET
0 0 1 2
Fluoranthene
POVET range (maximum and minimum concentration
detected in the POVET well)
< 0.1 0.29 - 2.10 < 0.1 < 0.1
Number of GrundRisk simulations consistent
with the concentration range in POVET
0 5 0 0
Fluorene
POVET range (maximum and minimum concentration
detected in the POVET well)
0.11 - 0.17 38 - 100 73 - 100 0.1 - 0.2
Number of GrundRisk simulations consistent
with the concentration range in POVET
0 0 0 7
Napthalene
POVET range (maximum and minimum concentration
detected in the POVET well)
0.20 - 1.30 69 - 970 110 - 220 0.1 - 0.5
Number of GrundRisk simulations consistent
with the concentration range in POVET
0 0 0 5
Phenanthrene
POVET range (maximum and minimum concentration
detected in the POVET well)
0.1 - 0.3 11.0 - 43.0 42.0 - 36.0 < 0.1
Number of GrundRisk simulations consistent
with the concentration range in POVET
0 20 0 0
Pyrene
POVET range (maximum and minimum concentration
detected in the POVET well)
< 0.1 0.11 - 0.81 < 0.1 < 0.1
Number of GrundRisk simulations consistent
with the concentration range in POVET
0 16 0 7
The highest number of consistencies between the GrundRisk results and the range of
the chemicals in the POVET database (59) belongs to well 35R. Well 50R is the one
that was best modeled by GrundRisk because the consistencies between the modelling
tool and the range of the POVET database were not found for only two chemicals (i.e.
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fluoranthene and phenanthrene). No consistency for well 31R was ever found between
GrundRisk and POVET. In addition, according to these simulations, benzo(a)pyrene
and chrysene were the chemicals that, respectively, had the highest and the lowest
number of consistencies with the range of the POVET database.
According to Table 6.1, some similarities were found between the GrundRisk results
and the concentrations detected in the wells of the POVET database. In conclusion, it
can be stated that the model can describe correctly the dispersion of the contaminants
in an aquifer and that it can be used for future groundwater applications. Despite
some differences with the POVET database, it is not possible to say that the model
is not reliable just for these differences because the simulations were done under many
uncertainties and approximations (see Chapter 4.4). In addition, as it was mentioned
early, GrundRisk is a very simple risk assessment tool, and it was never expected to
simulate the exact concentrations detected in the aquifer.
6.3 Human health risk assessment
The results obtained from the GrundRisk simulations, and the concentrations com-
piled by the Finnish Consulting Group, highlighted the necessity to conduct a human
health risk assessment on these two groups of chemicals. The calculation of the Hazard
Quotients/Indexes is the most typical approach used in the case of human exposure to
contaminants in the environment. This explains why there is not much literature about
other methods in the Master’s Thesis. The human health risk assessment was elabo-
rated by considering default values by EPA. No analysis was executed on the cancer
risks. They are normally calculated by considering a carcinogenic slope factor of each
chemical. This parameter is not available in the IRIS database for most of the chemi-
cals considered in this Master’s Thesis. To be precise, the slope factor is available only
for 2,4,6-trichlorophenol, pentachlorophenol, benzo(a)pyrene and chrysene. Therefore,
due to this limited information, it was decided to make no calculation of the cancer
risks. Their calculations would have not changed the conclusions because the risks in
the area were already stated by the calculations of the Hazard Quotients/Indexes, but
it would have given additional information about the health risks.
The highest values of the HQs/HIs were calculated for the groups of infants (see Fig-
ure 5.14). According to this analysis, they were the most vulnerable target group to
a contamination exposure. The results for the children were proposed for only one
group, while all the adults were put together in one single group (i.e. people with
an age higher than 21). In addition, the inhalation exposure was assumed to be not
important for this Master’s Thesis (see Chapter 4.5). The results showed in Chapter
5.3 proved that the risk for human beings could be assessed even without calculating
the doses through inhalation exposure. These choices did not affect the reliability of
the human health risk assessment but only its degree of detail, which is not a problem
considering that the main focus of the project was the groundwater risk assessment of
the Pursiala aquifer. Due to the many studies conducted on these chemicals, which
proved health risks related to the exposure of them (see Chapter 3.2), it was important
to conclude the Master’s Thesis by quantifying the risks for people living in the area
around the Pursiala aquifer. The risk assessment might be repeated on the females
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group. Due to their exposure that can result in the exposure of the unborn child,
females are normally considered as a sensitive group rather than males. The results for
the females should not be so different from the ones obtained in this Master’s Thesis
because, as Table 6 and 7 in Appendix 4 show, there is no such big difference between
the default parameters of males and females. It should be said that, even if no reference
dose could be found for some of the PAHs and CPs, they might also have potential
adverse effects on local residents. In addition, even if some concentrations were found
below the acceptable level, there may be joint toxic actions which bring to an excess
of the acceptable levels.
The Hazard Quotients/Indexes calculated for the CPs in the area around the sawmill
were all above the acceptable level of 1 (Table 10 and 11 in Appendix 4). The cal-
culations were executed on the maximum concentrations detected for each compound
between the wells (Table 1 in Appendix 4). The lack of information on the dermal
permeability coefficient for 2,3,4,6-tetrachlorophenol did not compromise the analysis
because the health risk of this compound could be estimated thanks to the intakes
through ingestion exposure. All the CP concentrations detected in the wells around
the sawmill area were above the groundwater guidelines (see Table 4.3).
The analysis on the PAHs was longer due the large amount of data used for the analysis.
The Hazard Quotients HQs were not calculated for the PAH concentrations detected
by the wells of the POVET database (see Table 3 in Appendix 4) because they were
not considered relevant for the analysis. The risk assessment was in fact executed on
the GrundRisk results by using the concentrations detected in well 31R, which was
the well simulating the highest concentrations from GrundRisk, and well 50R, which
was the point of compliance POC (see Figure 5.4). The results of the GrundRisk
analysis gave only benzo(a)pyrene and chrysene exceeding the groundwater guidelines.
The calculations of the Hazard Quotients/Indexes gave significant health risks fo only
benzo(a)pyrene (see Table 19 and 20 in Appendix 4). No significant health risk was
found for chrysene because no reference dose could be found for this compound (see
Table 4.7). By executing an additional assessment on the concentrations detected in
the source area in the aquifer, the calculations gave more than one chemical exceed-
ing the acceptable level of 1 (see Table 23 in Appendix 4). These results are very
useful because they describe how the Hazard Quotients, and therefore the risks, vary
along the area around the wood impregnation plant. As it can be seen by Figure 6.1,
the highest Hazard Index was calculated for the concentrations detected in the source
area in the aquifer. At the point of compliance (well 50R) the Hazard Index is be-
low the acceptable level, i.e. no significant health risk for human beings. No human
health risk assessment was conducted in the main groundwater flow path because the
concentrations detected were below the groundwater guidelines (see Table 5.11).
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Figure 6.1: Variation of the Hazard Index HI along the path around the wood impregnation
plant. The value is colored if it is above the acceptable level of 1
6.4 Summary
The main outcomes of the Master’s Thesis procedure can be summarized as it follows:
• the DRASTIC method is very simple, and the analysis was correctly conducted
due to the availability of all the hydrogeological parameters of the area;
• the sensitivity analysis related to DRASTIC showed that the key parameters,
which strongly influence the vulnerability of the aquifer, are the net recharge R,
the impact of the soil type of the vadose zone I and the aquifer soil type A. In
addition, the depth to the water table D resulted to be not very relevant for
assessing the vulnerability of the aquifer;
• GrundRisk is a preliminary risk assessment tool, i.e. it is not expected to give
exact values of the concentrations in an aquifer, but only to give an idea of the
contaminants’ dispersion in it;
• the consistency of the GrundRisk results with the concentration data in the
POVET database proved that the model can be used for future groundwater
applications in Finland;
• the human health risk assessment was conducted according to the calculation of
the Hazard Quotients/Indexes, which were above the acceptable level of 1. The
model gave the highest results and the major risks, respectively, for the infant
group and the area around the sawmill.
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7. Conclusions
A sawmill and a wood impregnation plant located in the area of the Pursiala aquifer
caused a release of chlorophenols and polycylic aromatic hydrocarbons in the ground-
water. Conclusions can be drawn thanks to the results discussed in Chapter 5 and 6.
Firstly, an initial analysis on the concentrations detected in the wells of the area, which
are collected in the Finnish groundwater database named POVET, showed concentra-
tions above the groundwater guidelines, proving the negative effects of the industrial
activities on the groundwater quality. This problem must not be underestimated be-
cause the Pursiala groundwater area, as most of the Finnish aquifers, is relied by the
population of Mikkeli as a source for potable water.
The vulnerability of the aquifer was analyzed with the DRASTIC method, which re-
vealed a high degree of vulnerability. The sensitivity analysis allowed understanding
the impact of each parameter on the DVI and the factors on which the analysis of the
area should be mostly focused.
Despite few information available for checking the reliability of GrundRisk, similar-
ities were found between this modelling tool and the POVET database. The model
was consistent with the concentrations detected in the wells around the wood impreg-
nation plant. The analysis with this tool can be considered satisfactory, meaning that
it is possible to apply this tool in future groundwater applications.
The results in the human health risk assessment confirmed the emergency state in
which the Pursiala area finds itself and that the aquifer is not in secure condition. In
particular, considering that experiments in many scientific studies proved side effects
of these chemicals, people may have serious health problems.
In conclusion, in order to guarantee in the future a higher efficiency of the results
and to secure the area, some recommendations can be drawn:
• the study of the vulnerability of the aquifer will be more detailed if geo-referential
data are available because it allows representing the area through GIS tools like
ArcGIS (something not possible in this thesis), making the comprehension of the
problem much easier;
• the availability of hydrogeological parameters for the whole aquifer (the analysis
was only conducted in small two areas) will allow to conduct a complete analysis
and to present more precise directives for delineating a strategy for the Pursiala
risk management;
• GrundRisk can be a useful tool for dealing with the groundwater risk manage-
ment, but all its simplifications must be clarified in order to understand the
reliability of the results. GrundRisk is a very simple software and considers ba-
sic characteristics of the aquifer (e.g. homogeneity). It may encounter many
problems if applied in heterogeneous soils, which are very common in Finland, or
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difficult situations (e.g. the one in the sawmill area, which is subjected to many
pumping operations);
• more sophisticated tools might be considered in order to produce more detailed
risk management decisions, but it is necessary to conduct a more detailed study
of the characteristics of the aquifer;
• the carcinogenic effects of the chemicals may be calculated in order to have a
more complete vision of the risks for human beings and to increase the degree of
detail in the human health risk assessment in Pursiala;
• it is highly recommended to increase the impact of the remediation technologies
in the Pursiala area, especially in the one around the sawmill because it is located
very close to the water intake plant.
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Appendix 1 (1/2)
Appendix 1 - Concentrations
detected in the sawmill area
Table 1: Concentrations of Chlorophenols (CPs) detected in wells installed by the Finnish
Consulting Group in the Pursiala aquifer. The value is highlighted in blue if it is above the
groundwater guideline - first part [87]
Well M14 - 27 samples
Chemical Unit
Groundwater
guideline
Max Min Mean STDV
95%
UCL
2-CP µg/l 40 6.1E+01 0 8.1E+00 1.8E+01 4.4E+01
2,4-DCP µg/l 20 2.0E+02 2.3E-01 3.4E+01 5.8E+01 1.5E+02
2,4,6-TCP µg/l 1 3.0E+03 5.0E-02 2.6E+02 6.2E+02 1.5E+02
2,3,4,6-TeCP µg/l 200 1.0E+05 6.0E-01 8.5E+03 2.0E+04 4.9E+04
PCP µg/l 0.3 2.4E+03 3.0E-01 2.9E+02 4.9E+02 1.3E+03
Well HP9 - 34 samples
Chemical Unit
Groundwater
guideline
Max Min Mean STDV
95%
UCL
2-CP µg/l 40 3.7E+00 0 1.1E+00 9.0E-01 3.1E+00
2,4-DCP µg/l 20 1.6E+02 3.1E+00 3.9E+01 3.2E+01 1.0E+02
2,4,6-TCP µg/l 1 2.2E+03 5.1E+01 5.5E+02 4.8E+02 1.5E+03
2,3,4,6-TeCP µg/l 200 5.9E+04 1.1E+03 1.3E+04 1.3E+04 4.0E+04
PCP µg/l 0.3 1.6E+03 1.5E+02 5.7E+02 3.8E+02 1.3E+03
Well 89 - 21 samples
Chemical Unit
Groundwater
guideline
Max Min Mean STDV
95%
UCL
2-CP µg/l 40 6.0E-01 1.0E-01 3.0E-01 1.0E-01 6.0E-01
2,4-DCP µg/l 20 5.3E+00 3.3E+00 4.2E+00 7.0E-01 5.6E+00
2,4,6-TCP µg/l 1 2.8E+01 1.0E+01 1.8E+01 5.5E+00 2.9E+01
2,3,4,6-TeCP µg/l 200 6.2E+02 9.5E+00 1.3E+02 1.9E+02 5.1E+02
PCP µg/l 0.3 3.1E+01 5.0E-01 8.1E+01 1.0E+01 2.9E+01
Well 91 - 20 samples
Chemical Unit
Groundwater
guideline
Max Min Mean STDV
95%
UCL
2-CP µg/l 40 1.8E+01 9.3E+00 1.1E+01 3.2E+00 1.7E+01
2,4-DCP µg/l 20 2.9E+02 1.4E+02 2.0E+02 4.7E+01 2.9E+02
2,4,6-TCP µg/l 1 1.7E+02 9.5E+01 1.3E+02 2.9E+01 1.9E+02
2,3,4,6-TeCP µg/l 200 1.5E+02 6.1E+01 1.1E+02 3.5E+01 1.8E+02
PCP µg/l 0.3 6.3E+00 1.7E+00 3.9E+00 1.8E+00 7.5E+00
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Table 2: Concentrations of Chlorophenols (CPs) detected in wells installed by the Finnish
Consulting Group in the Pursiala aquifer. The value is highlighted in blue if it is above the
groundwater guideline - second part [87]
Well 113 - 16 samples
Chemical Unit
Groundwater
quality
Max Min Mean STDV
95%
UCL
2-CP µg/l 40 1.0E-01 0 1.0E-01 1.0E-01 1.0E-01
2,4-DCP µg/l 20 3.7E+00 2.4E+00 3.1E+00 6.0E-01 4.4E+00
2,4,6-TCP µg/l 1 3.6E+01 2.2E+01 2.9E+01 7.4E+00 4.4E+01
2,3,4,6-TeCP µg/l 200 4.8E+02 3.0E+02 4.2E+02 1.0E+02 6.3E+02
PCP µg/l 0.3 6.6E+01 4.4E+01 5.4E+01 1.1E+01 7.6E+01
Well 115 - 30 samples
Chemical Unit
Groundwater
guideline
Max Min Mean STDV
95%
UCL
2-CP µg/l 40 8.3E+00 1.0E-01 1.9E+00 2.1E+00 6.1E+00
2,4-DCP µg/l 20 1.5E+02 1.0E-01 4.7E+01 4.0E+01 1.3E+02
2,4,6-TCP µg/l 1 3.1E+03 1.2E+00 8.0E+02 8.4E+02 2.5E+03
2,3,4,6-TeCP µg/l 200 2.1E+04 7.6E+00 5.6E+03 6.2E+03 1.8E+04
PCP µg/l 0.3 1.3E+03 1.1E+00 2.9E+02 3.3E+02 9.5E+02
Well S2 - 4 samples
Chemical Unit
Groundwater
quality
Max Min Mean STDV
95%
UCL
2-CP µg/l 40 0 0 - - -
2,4-DCP µg/l 20 4.5E+01 1.5E+00 18.3 2.3E+01 6.5E+01
2,4,6-TCP µg/l 1 1.2E+02 3.0E+01 7.0E+01 4.6E+01 1.6E+02
2,3,4,6-TCP µg/l 200 5.5E+02 4.3E+02 5.0E+02 6.1E+01 6.2E+02
PCP µg/l 0.3 5.7E+01 3.2E+01 4.8E+01 1.4E+01 7.5E+01
Well S3 - 4 samples
Chemical Unit
Groundwater
guideline
Max Min Mean STDV
95%
UCL
2-CP µg/l 40 3.9E+02 1.1E+00 1.3E+02 2.2E+02 5.8E+02
2,4-DCP µg/l 20 1.3E+02 1.6E+01 5.5E+01 6.7E+01 1.9E+02
2,4,6-TCCP µg/l 1 2.8E+02 1.2E+02 1.9E+02 8.3E+01 3.5E+02
2,3,4,6-TeCP µg/l 200 2.2E+03 5.1E+02 1.1E+03 9.5E+02 3.0E+03
PCP µg/l 0.3 1.2E+02 2.9E+01 6.3E+01 5.0E+01 1.6E+02
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Appendix 2 - GrundRisk model
(a) Model number I
(b) Model number II
Figure 1: GrundRisk conceptual model number I and II [92]
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(a) Model number III
(b) Model number IV
Figure 2: GrundRisk conceptual model number III and IV [92]
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Table 3: Concentrations of Polycyclic Aromatic Hydrocarbons (PAHs) detected in well 31R,
35R, 42R, 50R of the POVET database installed in the area around the wood impregnation
plant. The value is highlighted in blue if it is above the groundwater guideline [86]
31R, 25 m from the source area (SA) in the aquifer - 34 samples
Chemical Unit Groundwater Max Min Mean STDV
95%
UCL
Acenaphthene µg/l 400 4.7E-01 1.0E-01 1.9E-01 1.3E-01 4.5E-01
Anthracene µg/l 2000 < 1.0E-01 < 1.0E-01 < 1.0E-01 - -
Benzo(a)pyrene µg/l 0.005 < 1.0E-01 < 1.0E-01 < 1.0E-01 - -
Chrysene µg/l 5 < 1.0E-01 < 1.0E-01 < 1.0E-01 - -
Fluoranthene µg/l 300 < 1.0E-01 < 1.0E-01 < 1.0E-01 - -
Fluorene µg/l 300 2.0E-01 1.0E-01 1.0E-01 1.0E-01 2.0E-01
Naphthalene µg/l 300 1.3E+00 2.0E-01 4.0E-01 5.0E-01 1.4E+00
Phenanthrene µg/l 100 3.0E-01 3.0E-01 3.0E-01 - -
Pyrene µg/l 200 < 1.0E-01 < 1.0E-01 < 1.0E-01 - -
35R, 200 m from the source area (SA) in the aquifer - 6 samples
Chemical Unit Groundwater Max Min Mean STDV
95%
UCL
Acenaphthene µg/l 400 3.5E+02 1.0E+02 2.3E+02 9.7E+01 4.2E+02
Anthracene µg/l 2000 2.6E+02 7.0E-01 1.5+00 8.0E-01 3.1E+00
Benzo(a)pyrene µg/l 0.005 < 1.0E-01 < 1.0E-01 < 7.0E-01 - -
Chrysene µg/l 5 < 1.0E-01 < 1.0E-01 < 1.0E-01 - -
Fluoranthene µg/l 300 2.1E+00 3.0E-01 1.1E+00 7.0E-01 2.5E+00
Fluorene µg/l 300 1.0E+02 3.8E+01 6.8E+01 2.6E+01 1.2E+02
Naphthalene µg/l 300 9.7E+02 6.9E+01 4.2E+02 3.7E+02 1.1E+03
Phenanthrene µg/l 100 4.3E+01 1.1E+01 2.4E+01 1.3E+01 5.0E+01
Pyrene µg/l 200 8.0E-01 1.0E-01 4.0E-01 3.0E-01 9.0E-01
Well 42R, 400 m from the source area (SA) in the aquifer - 6 samples
Chemical Unit Groundwater Max Min Mean STDV
95%
UCL
Acenaphthene µg/l 400 3.0E+02 2.1E+02 2.6E+02 3.4E+01 3.3E+02
Anthracene µg/l 2000 1.2E+00 8.0E-01 9.0E-01 1.0E-01 1.1E+00
Benzo(a)pyrene µg/l 0.005 < 1.0E-01 < 1.0E-01 < 1.0E-01 - -
Chrysene µg/l 5 < 1.0E-01 < 1.0E-01 < 1.0E-01 - -
Fluoranthene µg/l 300 < 1.0E-01 < 1.0E-01 < 1.0E-01 - -
Fluorene µg/l 300 1.0E+02 7.3E+01 8.9E+01 9.8E+00 1.1E+02
Naphthalene µg/l 300 2.2E+02 1.1E+02 1.7E+02 4.7E+01 2.7E+02
Phenanthrene µg/l 100 4.2E+01 3.6E+01 4.0E+01 2.3E+00 4.4E+01
Pyrene µg/l 200 < 1.0E-01 < 1.0E-01 < 1.0E-01 - -
Well 50R, 500 m from the source area (SA) in the aquifer
(point of compliance, POC) - 3 samples
Chemical Unit Groundwater Max Min Mean STDV
95%
UCL
Acenaphthene µg/l 400 6.0E-01 1.0E-01 4.0E-01 3.0E-01 1.1E+00
Anthracene µg/l 2000 < 1.0E-01 < 1.0E-01 < 1.0E-01 - -
Benzo(a)pyrene µg/l 0.005 < 1.0E-01 < 1.0E-01 < 1.0E-01 - -
Chrysene µg/l 5 < 1.0E-01 < 1.0E-01 < 1.0E-01 - -
Fluoranthene µg/l 300 1.0E-01 < 1.0E-01 < 1.0E-01 - -
Fluorene µg/l 300 2.0E-01 2.0E-01 2.0E-01 - -
Naphthalene µg/l 300 5.0E-01 5.0E-01 5.0E-01 - -
Phenanthrene µg/l 100 1.0E-01 1.0E-01 1.0E-01 - -
Pyrene µg/l 200 < 1.0E-01 < 1.0E-01 < 1.0E-01 - -
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Table 4: GrundRisk variables for the case of the Polycyclic Aromatic Hydrocarbons (PAHs)
Variable Value
A [m2] 900 - 2500
αl [m] 3 - 10
αt [m] 0.3 - 2
αv [m] 0.5 - 2
B [m] 7 - 12
Dx [m
2/d] 1.5 - 10
Dy [m
2/d] 0.15 - 2
Dz [m
2/d] 0.25 - 2
foc [-] 2E-03 - 6E-03
I [m/d] 8.2E-04 - 9.9E-04
Kd [cm
3/g] Depends on the chemical
Lx [m] 30 - 50
Ly [m] 30 - 50
M [g/d] Depends on the chemical
n [-] 0.25 - 0.3
R [-] Depends on the chemical
ρb [g/cm
3] 1.6 - 1.9
u [m/d] 0.5 - 1.0
Table 5: Specific variables of Polycyclic Aromatic Hydrocarbons (PAHs) [96] [95]
Chemical C0 [µg/l] M [g/d] log Kow [-] Kd [cm
3/g] R [-]
Acenaphthene 1460 1.1 - 3.6 3.9 3.4 - 10.3 23.1 - 67.2
Anthracene 180 0.1 - 0.4 4.5 12.2 - 45.7 98.4 - 293.3
Benzo(a)pyrene 54 0.04 - 0.13 5.9 404.9 - 1214.9 2592.8 - 7776.5
Chrysene 171 0.13 - 0.42 5.91 404.9 - 1214.9 2592.8 -7776.5
Fluoranthene 823 0.6 - 2.0 5.2 77.6 - 232.7 497.6 - 1490.8
Fluorene 1050 0.8 - 2.5 4.2 6.4 - 19.3 42.1 - 124.5
Naphthalene 813 0.6 - 2.0 3.4 0.9 - 2.8 6.9- 18.7
Phenanthrene 1640 1.2 - 4.0 4.6 16.4 - 49.1 105.7 - 315.1
Pyrene 584 0.4 - 1.4 5.2 70.5 - 211.5 452.2 - 1354.7
Chemical
t1/2
in groundwater
t1/2
aer. biod.
t1/2
anaer. biod.
λ [1/day]
Acenaphthene 24.6 - 204 days 12.3 - 102 d 49.2 - 408 d 3.4E-03 - 1.7E-03
Anthracene 100 days - 2.52 y 50 d - 1.26 y 200 d - 5.04 y 3.8E-04 - 6.9E-03
Benzo(a)pyrene 114 days - 2.90 y 57 d - 1.45 y 228 d - 5.8 y 3.5E-04 - 1.2E-02
Chrysene 2.0 - 5.5 y 1.0 - 2.72 y 4.06 - 11.0 y 1.7E-04 - 1.2E-02
Fluoranthene 280 d - 2.4 y 140 - 440 d 1.5 - 4.8 y 3.9E-04 - 4.95E-03
Fluorene 64 - 120 d 32 - 60 d 128 - 240 2.9E-03 - 2.2E-02
Naphthalene 1 - 258 d 0.5 - 20 d 25 - 258 d 2.7E-03 - 6.9E-01
Phenanthrene 32 d - 1.1 y 16 - 200 d 64 h - 2.2 y 8.7E-04 - 2.2E-02
Pyrene 1.1 - 10.4 y 210 d - 5.2 y 2.3 - 28 y 3.0E-03 - 6.8E-05
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Appendix 3 - GrundRisk results for
PAHs
Figure 3: Acenaphthene concentrations obtained in each of the 30 GrundRisk simulations
for well 31R, 35R, 42R and 50R. All the results are below the groundwater guidelines, i.e.
400 µg/l. The number of the simulation is on the x-axis, and each point of the graph is the
concentration obtained for the well in the simulation
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Figure 4: Anthracene and Fluoranthene concentrations obtained in each of the 30 GrundRisk
simulations for well 31R, 35R, 42R and 50R. All the results are below the groundwater guide-
lines, i.e., for respectively Anthracene and Fluoranthene, 2000 and 300 µg/l. The number of
the simulation is on the x-axis, and each point of the graph is the concentration obtained for
the well in the simulation
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Figure 5: Fluorene and Naphthalene concentrations obtained in each of the 30 GrundRisk
simulations for well 31R, 35R, 42R and 50R. All the results are below the groundwater
guidelines, i.e., for both Fluorene and Naphthalene, 300 µg/l. The number of the simulation
is on the x-axis, and each point of the graph is the concentration obtained for the well in the
simulation
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Figure 6: Phenanthrene and Pyrene concentrations obtained in each of the 30 GrundRisk
simulations for well 31R, 35R, 42R and 50R. All the results are below the groundwater
guidelines, i.e., for respectively Phenanthrene and Pyrene, 100 and 200 µg/l. The number of
the simulation is on the x-axis, and each point of the graph is the concentration obtained for
the well in the simulation
Appendix 4 (1/10)
Appendix 4 - Calculation of human
health risks
Default parameters
Table 6: Body Weight (BW), Exposure Dose (ED), Exposure Factor (EF), Exposure Time
(ET) and Intake Rate (IR) default values [111]
Parameter Male Female
BW - infant (6 < 12 months) [kg] 9.4 9.0
BW- child (2 < 3 years) [kg] 14.1 13.5
BW- child (3 < 6 years) [kg] 18.8 18.3
BW- child (6 < 11 years) [kg] 31.9 31.7
BW- child (11 < 16 years) [kg] 57.6 55.9
BW- child (16 < 21 years) [kg] 77.3 65.9
BW - adult (> 21 years) [kg] 85.9 73.3
ED - lifetime [year] 70 70
EF - daily [-] 1 1
ET shower -child & infant [min/day] 20 20
ET shower - adult [min/day] 12 12
IR - infant and child [liter/day] 1 1
IR - adult [liter/day] 2 2
Table 7: Body Surface Area (BSA) default values [111]
Age Male [cm2] Female [cm2]
6 < 12 months 4500 4400
2 < 3 years 6100 6000
3 < 6 years 7600 7500
6 < 11 years 10800 10800
11 < 16 years 15900 15700
16 < 21 years 18400 17300
> 21 years 19200 16900
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Results of the human health risk assessment on
Chlorophenols (CPs)
Table 8: Males, exposure dose D from ingestion, for a daily exposure, of water containing
Chlorophenols (CPs) for different exposure factors EFs. The value is highlighted in red if it
is above the reference dose RfD
Males, ingestion exposure D [mg/kg/day] for F = 30 days (EF = 0.08)
Chemical
RfDIngestion
[mg/kg/day]
D, infant
(6 < 12 months)
D, child
(6 < 11 years)
D, adult
(> 21 years)
2-CP 5.0E-03 3.4E-03 1.0E-03 7.5E-04
2,4-DCP 3.0E-03 2.5E-03 7.4E-04 5.5E-04
2,3,4,6-TeCP 3.0E-02 8.7E-01 2.6E-01 1.9E-01
PCP 5.0E-03 2.1E-02 6.2E-03 4.6E-03
Males, ingestion exposure [mg/kg/day] for F = 104 days (EF = 0.28)
Chemical
RfDIngestion
[mg/kg/day]
D, infant
(6 < 12 months)
D, child
(6 < 11 years)
D, adult
(> 21 years)
2-CP 5.0E-03 1.2E-02 3.5E-03 2.6E-03
2,4-DCP 3.0E-03 8.7E-03 2.6E-03 1.9E-03
2,3,4,6-TeCP 3.0E-02 3.1E+00 9.0E-01 7.0E-01
PCP 5.0E-03 7.3E-02 2.1E-02 1.6E-02
Males, ingestion exposure [mg/kg/day] for F = 208 days (EF = 0.57)
Chemical RfDIngestion
D, infant
(6 < 12 months)
D, child
(6 < 11 years)
D, adult
(> 21 years)
2-CP 5.0E-03 2.4E-02 7.0E-03 5.2E-03
2,4-DCP 3.0E-03 1.7E-02 5.1E-03 3.8E-03
2,3,4,6-TeCP 3.0E-02 6.1E+00 1.8E+00 1.3E+00
PCP 5.0E-03 0.1 4.3E-02 3.2E-02
Table 9: Males, exposure dose D from dermal contact, for a daily exposure (EF =1), with
water containing Chlorophenols (CPs). The value is highlighted in red if it is above the
reference dose RfD
Males, dermal exposure D [mg/kg/day] for a shower
taken every day of the year (EF = 1)
Chemical
RfDDermal
[mg/kg/day]
D, infant
(6 < 12 months)
D, child
(6 < 11 years)
D, adult
(> 21 years)
2-CP 4.0E-03 4.5E-04 3.2E-04 1.4E-04
2,4-DCP 2.5E-03 8.7E-04 6.1E-04 2.7E-04
PCP 3.8E-03 1.3E-01 1.0E-01 4.0E-02
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Table 10: Males, Hazard Quotient HQ given the intakes through a daily ingestion and a
daily dermal contact of Chlorophenols (CPs). The value is highlighted in red if it is above
the acceptable level of 1
HQ Ingestion [-]
Chemical
D, infant
(6 < 12 months)
D, child
(6 < 11 years)
D, adult
(> 21 years)
2-CP 8.3E+00 2.5E+00 1.8E+00
2,4-DCP 1.0E+01 3.0E+00 2.2E+00
2,3,4,6-TeCP 3.5E+02 1.0E+02 7.7E+01
PCP 5.1E+01 1.5E+01 1.1E+01
HQ Dermal [-]
Chemical
D, infant
(6 < 12 months)
D, child
(6 < 11 years)
D, adult
(> 21 years)
2-CP 1.1E-01 8.0E-02 3.5E-02
2,4-DCP 3.5E-01 2.5E-01 1.1E-01
PCP 3.5E+01 2.5E+01 1.1E+01
Table 11: Males, Hazard Index HI given by the sum of the intakes of each Chlorophenol
(CP) for a daily ingestion and a daily dermal contact. The value is highlighted in red if it is
above the acceptable level of 1
HI = ΣHQChemical [-]
Group of people HI Ingestion [-] HI Dermal [-]
D, infant (6 < 12 months) 4.2E+02 3.6E+01
D, child (6 < 11 years) 1.2E+02 2.5E+01
D, adult (> 21 years) 9.3E+01 1.1E+01
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Results of the human health risk assessment on
Polycyclic Aromatic Hydrocarbons (PAHs) in well
31R
Table 12: Males, exposure dose D from ingestion, for a daily exposure, of water containing
Polycyclic Aromatic Hydrocarbons (PAHs), for different exposure factors EFs, detected in
well 31R - first part
Males, ingestion dose [mg/kg/day] for F = 30 days (EF = 0.08)
Chemical RfDIngestion
D, infant
(6 < 12 months)
D, child
(6 < 11 years)
D, adult
(> 21 years)
Acenaphthene 6.0E-02 1.6E-03 4.8E-04 3.6E-04
Anthracene 3.0E-01 1.0E-04 2.8E-05 2.1E-05
Benzo(a)pyrene 3.0E-04 1.7E-05 5.1E-06 3.8E-06
Fluoranthene 4.0E-02 2.6E-04 7.7E-05 5.7E-05
Fluorene 4.0E-02 7.1E-04 2.1E-04 1.5E-04
Naphthalene 2.0E-02 2.5E-04 7.5E-05 5.6E-05
Pyrene 3.0E-02 1.9E-04 5.5E-05 4.1E-05
Males, ingestion dose [mg/kg/day] for F = 104 days (EF = 0.28)
Chemical RfDIngestion
D, infant
(6 < 12 months)
D, child
(6 < 11 years)
D, adult
(> 21 years)
Acenaphthene 6.0E-02 5.6E-03 1.7E-03 51.2E-03
Anthracene 3.0E-01 3.3E-04 1.0E-04 7.3E-05
Benzo(a)pyrene 3.0E-04 6.0E-05 1.8E-05 1.3E-05
Fluoranthene 4.0E-02 9.1E-04 2.7E-04 2.0E-04
Fluorene 4.0E-02 2.4E-03 7.2E-04 5.4E-04
Naphthalene 2.0E-02 8.8E-04 2.6E-04 1.9E-04
Pyrene 3.0E-02 6.5E-04 1.9E-04 1.4E-04
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Table 13: Males, exposure dose D from ingestion, for a daily exposure, of water containing
Polycyclic Aromatic Hydrocarbons (PAHs) detected in well 31R for different exposure factors
EFs - second part
Males, ingestion exposure [mg/kg/day] for F = 208 days (EF = 0.57)
Chemical RfDIngestion
D, infant
(6 < 12 months)
D, child
(6 < 11 years)
D, adult
(> 21 years)
Acenaphthene 6.0E-02 1.1E-02 3.3E-03 2.5E-03
Anthracene 3.0E-01 6.7E-04 2.0E-04 1.5E-04
Benzo(a)pyrene 3.0E-04 1.2E-04 3.5E-05 2.6E-05
Fluoranthene 4.0E-02 1.8E-03 5.4E-04 4.0E-04
Fluorene 4.0E-02 4.9E-03 1.4E-03 1.1E-03
Naphthalene 2.0E-02 1.8E-03 5.2E-04 3.9E-04
Pyrene 3.0E-02 1.3E-03 3.8E-04 2.9E-04
Males, ingestion exposure [mg/kg/day] for a daily exposure (EF = 1)
Chemical RfDIngestion
D, infant
(6 < 12 months)
D, child
(6 < 11 years)
D, adult
(> 21 years)
Acenaphthene 6.0E-02 2.0E-02 5.8E-03 4.3E-03
Anthracene 3.0E-01 1.2E-03 3.5E-04 2.6E-04
Benzo(a)pyrene 3.0E-04 2.1E-04 6.2E-05 4.6E-05
Fluoranthene 4.0E-02 3.2E-03 9.4E-04 7.0E-04
Fluorene 4.0E-02 8.6E-03 2.5E-03 1.9×10−3
Naphthalene 2.0E-02 3.1E-03 9.1E-04 6.8E-04
Pyrene 3.0E-02 2.3E-03 6.7E-04 5.0E-04
Table 14: Males, exposure dose D from dermal contact, for a daily exposure (EF =1), with
water containing Polycyclic Aromatic Hydrocarbons (PAHs) detected in well 31R. The value
is highlighted in red if it is above the reference dose RfD
Males, dermal exposure D [mg/kg/day] for a shower
taken every day of the year (EF = 1)
Chemical RfDDermal
D, infant
(6 < 12 months)
D, child
(6 < 11 years)
D, adult
(> 21 years)
Benzo(a)pyrene 2.7E-04 2.0E-04 1.4E-04 6.2E-05
Fluoranthene 3.6E-02 9.5E-04 6.7E-04 3.0E-04
Naphthalene 1.8E-02 2.0E-04 1.4E-04 6.1E-05
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Table 15: Males, Hazard Quotient HQ given by the intakes through a daily ingestion and
a daily dermal contact of Polycyclic Aromatic Hydrocarbons (PAHs) detected in well 31R.
The value is highlighted in red if it is above the acceptable level of 1
HQ Ingestion [-]
Chemical
D, infant
(6 < 12 months)
D, child
(6 < 11 years)
D, adult
(> 21 years)
Acenaphthene 3.0E-01 1.0E-01 7.0E-02
Anthracene 4.0E-03 1.2E-03 9.0E-04
Benzo(a)pyrene 7.0E-01 2.0E-01 2.0E-01
Fluoranthene 8.0E-02 2.4E-02 1.7E-02
Fluorene 2.0E-01 6.0E-02 5.0E-02
Naphthalene 2.0E-01 4.6E-02 3.4E-02
Pyrene 7.6E-02 2.2E-02 1.7E-02
HQ Dermal [-]
Chemical
D, infant
(6 < 12 months)
D, child
(6 < 11 years)
D, adult
(> 21 years)
Benzo(a)pyrene 7.0E-01 5.0E-01 2.0E-01
Fluoranthene 2.6E-02 1.9E-02 8.0E-03
Naphthalene 1.1E-02 8.0E-03 3.0E-03
Table 16: Males, Hazard Index HI given by the sum of the intakes of each Polycyclic Aromatic
Hydrocarbon (PAH), detected in well 31R, for a daily ingestion exposure and a daily dermal
contact. The value is highlighted in red if it is above the acceptable level of 1
HI = ΣHQChemical [-]
Group of people HI Ingestion [-] HI Dermal [-]
D, infant (6 < 12 months) 1.6 0.8
D, child (6 < 11 years) 0.5 0.5
D, adult (> 21 years) 0.3 0.2
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Results of the human health risk assessment on
Polycyclic Aromatic Hydrocarbons (PAHs) in well
50R
Table 17: Males, exposure dose D from ingestion, for a daily exposure, of water containing
Polycyclic Aromatic Hydrocarbons (PAHs) detected in well 50R for different exposure factors
EFs
Males, ingestion exposure [mg/kg/day] for a daily exposure (EF = 1)
Chemical RfD
D, infant
(6 < 12 months)
D, child
(6 < 11 years)
D, adult
(> 21 years)
Acenaphthene 6.0E-02 1.3E-03 3.7E-04 2.7E-04
Anthracene 3.0E-01 2.7E-04 7.8E-05 5.8E-05
Benzo(a)pyrene 3.0E-04 2.4E-05 7.2E-06 5.4E-06
Fluoranthene 4.0E-02 2.7E-04 7.8E-05 5.8E-05
Fluorene 4.0E-02 1.9E-04 5.6E-05 4.2E-05
Naphthalene 2.0E-02 9.6E-05 2.8E-05 2.1E-05
Pyrene 3.0E-02 2.6E-04 7.5E-05 5.6E-05
Table 18: Males, exposure dose D from dermal contact, for a daily exposure (EF =1), with
water containing Polycyclic Aromatic Hydrocarbons (PAHs) detected in well 50R, i.e. the
point of compliance in the GrundRisk simulations
Males, dermal exposure D [mg/kg/day] for a shower
taken every day of the year (EF = 1)
Chemical RfDDermal
D, infant
(6 < 12 months)
D, child
(6 < 11 years)
D, adult
(> 21 years)
Benzo(a)pyrene 2.7E-04 2.3E-05 1.6E-05 7.2E-06
Fluoranthene 3.6E-02 7.9E-05 5.6E-05 2.5E-05
Naphthalene 1.8E-02 6.1E-06 4.3E-06 1.9E-06
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Table 19: Males, Hazard Quotient HQ, of Polycyclic Aromatic Hydrocarbons (PAHs) de-
tected in well 50R (the point of compliance in the GrundRisk simulations) given by the
intakes through a daily ingestion exposure and a daily dermal contact
HQ Ingestion [-]
Chemical
D, infant
(6 < 12 months)
D, child
(6 < 11 years)
D, adult
(> 21 years)
Acenaphthene 2.1E-02 6.2E-03 4.6E-03
Anthracene 9.0E-04 3.0E-04 2.0E-04
Benzo(a)pyrene 8.2E-02 2.4E-02 1.8E-02
Fluoranthene 6.6E-03 2.0E-03 1.5E-03
Fluorene 4.8E-03 1.4E-03 1.0E-03
Naphthalene 4.8E-03 1.4E-03 1.0E-03
Pyrene 8.5E-03 2.5E-03 1.9E-03
HQ Dermal [-]
Chemical
D, infant
(6 < 12 months)
D, child
(6 < 11 years)
D, adult
(> 21 years)
Benzo(a)pyrene 8.6E-02 6.1E-02 2.7E-02
Fluoranthene 2.2E-03 1.6E-03 7.0E-04
Naphthalene 3.0E-04 2.0E-04 1.0E-04
Table 20: Males, Hazard Index HI given by the sum of the intakes of each Polycyclic Aro-
matic Hydrocarbon (PAH), detected in well 50R (the point of compliance in the GrundRisk
simulations), for a daily ingestion exposure and for a daily dermal contact
HI = ΣHQChemical [-]
Group of people HI Ingestion [-] HI Dermal [-]
D, infant (6 < 12 months) 1.3E-01 9.0E-02
D, child (6 < 11 years) 3.8E-02 6.0E-02
D, adult (> 21 years) 2.8E-02 3.0E-02
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Results of the human health risk assessment on
Polycyclic Aromatic Hydrocarbons (PAHs) in the
source area in the aquifer
Table 21: Males, exposure dose D from ingestion, for a daily exposure, of water containing
Polycyclic Aromatic Hydrocarbons (PAHs) detected in the source area in the aquifer. for
different exposure factors EFs. The value is highlighted in red if it is above the reference
dose RfD
Males, ingestion exposure [mg/kg/day] for a daily exposure (EF = 1)
Chemical RfD
D, infant
(6 < 12 months)
D, child
(6 < 11 years)
D, adult
(> 21 years)
Acenaphthene 6.0E-02 2.0E-01 5.0E-02 3.0E-02
Anthracene 3.0E-01 2.0E-02 1.0E-02 4.0E-03
Benzo(a)pyrene 3.0E-04 1.0E-02 2.0E-03 1.0E-03
Fluoranthene 4.0E-02 1.0E-01 3.0E-02 2.0E-02
Fluorene 4.0E-02 1.0E-01 3.0E-02 2.0E-02
Naphthalene 2.0E-02 1.0E-01 3.0E-02 2.0E-02
Pyrene 3.0E-02 6.0E-02 2.0E-02 1.0E-02
Table 22: Males, exposure dose D from dermal contact, for a daily exposure (EF =1), with
water containing Polycyclic Aromatic Hydrocarbons (PAHs) detected in the source area in
the aquifer. The value is highlighted in red if it is above the reference dose RfD
Males, dermal exposure D [mg/kg/day] for a shower
taken every day of the year (EF = 1)
Chemical RfDDermal
D, infant
(6 < 12 months)
D, child
(6 < 11 years)
D, adult
(> 21 years)
Benzo(a)pyrene 2.7E-04 5.4E-03 3.8E-03 1.7E-03
Fluoranthene 3.6E-02 2.6E-02 1.8E-02 8.1E-03
Naphthalene 1.8E-02 5.5E-03 3.9E-02 1.7E-03
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Table 23: Males, Hazard Quotient HQ given by the intakes of Polycyclic Aromatic Hydro-
carbons (PAHs), detected in the source area in the aquifer, for a daily ingestion exposure and
for a daily dermal contact. The value is highlighted in red if it is above the acceptable level
of 1
HQ Ingestion [-]
Chemical
D, infant
(6 < 12 months)
D, child
(6 < 11 years)
D, adult
(> 21 years)
Acenaphthene 2.6E+00 8.0E-01 6.0E-01
Anthracene 6.4E-02 1.9E-02 1.4E-02
Benzo(a)pyrene 1.9E+01 5.6E+00 4.2E+00
Fluoranthene 2.2E+00 6.0E-01 5.0E-01
Fluorene 2.8E+00 8.0E-01 6.0E-01
Naphthalene 4.3E+00 1.3E+00 9.0E-01
Pyrene 2.1E+00 6.0E-01 5.0E-01
HQ Dermal [-]
Chemical
D, infant
(6 < 12 months)
D, child
(6 < 11 years)
D, adult
(> 21 years)
Benzo(a)pyrene 2.0E+01 1.4E+01 6.3E+00
Fluoranthene 7.0E-01 5.0E-01 9.0E-01
Naphthalene 3.0E-01 2.0E-01 1.0E-01
Table 24: Males, Hazard Index HI given by the sum of the intakes of each Polycyclic Aromatic
Hydrocarbon (PAH), detected in the source area in the aquifer, for a daily ingestion exposure
and for a daily dermal contact. The value is highlighted in red if it is above the acceptable
level of 1
HI = ΣHQChemical [-]
Group of people HI Ingestion [-] HI Dermal [-]
D, infant (6 < 12 months) 3.3E+01 2.1E+01
D, child (6 < 11 years) 9.8E+00 1.5E+01
D, adult (> 21 years) 7.3E+00 7.3E+00
